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ABSTRACT

In electrified vehicles case, both in Battery Electric Vehicles (BEVs) case
and in Full- Hybrid or Plug-in Hybrid Electric Vehicles (FHEVs or PHEVs)
case, electric motors testing is a crucial phase of the entire final vehicles
build-up process. This because tests allow to verify whether designed system
works properly and to check whether desired requirements are satisfied.For
testing electric motors, appropriate test benches, which can be used in two
cases, have to be considered: to verify designed motors’ performance, or to
diagnose experienced problems during the entire electric motors’ life. In the
first case, test benches are used to evaluate motors’ electrical and mechanical
characteristics that can help designers into the choice of proper motor during
electric vehicles development process. The choice is done taking into account
costs, dimensions and other motor physical characteristics too. Instead, in
the second case test benches are used to evaluate motors’ electrical and
mechanical characteristics by means causes of possible problems during
operation can be understood.

Usually, electric motor test bench costs are very high due to expensive
components used to build-up what it is called Human – Machine – Interface
(HMI), the most important part of the entire system. This because its purpose
is setting input data on the basis of test to be performed, managing system’s
status by means buttons and switches and storing interesting parameter
values. In general, HMI is made-up of control systems and motor drives
allowing to control and to manage brake motor’s behavior and computers
allowing to store data coming out from sensors.

In this thesis activities, the goal is designing a test bench for testing
electric motors where a control law is implemented in a Vehicle Management
Unit (VMU). This control law is responsible to evaluate actions to be taken
for piloting both bench and test motor on the basis of user input data and
data coming from feedback path (values sensed by sensors). VMU is adopted
to reduce costs to be addressed by companies for developing HMI’s control
system. Moreover, test bench is implemented in such a way that power
recirculation effect is always verified. This because the goal is designed a test
bench for testing also electric motors that require huge power (30 – 50 kW) by
using small power supplies that are able to provide only the total dissipated
power. To accomplish these goals, test bench’s design is done adopting System
Engineering methodology which integrates Model-based Design approach
which provides V-shaped model and Modular-Technical-Model tools. The
first tool allows to develop the final physical system performing sequentially
different phases which involve different tests that are intended to verify
whether initial requirements are satisfied and to understand whether user’s
idea is feasible. On the other hand, the second tool allows to subdivide
system’s devel- opment in modules in order to reduce development time and
to improve reusability.
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Chapter 1

Introduction
The rapid development and spread of electric motors in automotive industry
and other sectors has involved the need to develop parallelly equipment
that allows to perform tests on them and to evaluate their characteristics in
order to be able to choose the best motor on the basis of requirements to be
satisfied. Moreover, this development has required equipment’s development
to perform quality control and to diagnose possible problems while they are
working.

A way for obtaining experimentally electrical and mechanical charac-
teristics of an electric motor is based on the use of a test bench which is
made up of a known electric motor, called also brake motor, connected to the
motor to be tested in order to perform all tests that allow to characterize
the electric motor under test. From this, it’s possible to understand that it’s
very important to have under control the brake motor because in that way
specific inputs can be imposed to the electric motor under test and all needed
output data can be obtained. Usually, brake motors are piloted by a motor
driver connected to a PC by means users is able to set input parameters
on the basis of test to be performed. In addition, a control system made
up of a computer is needed to control brake motor’s behavior piloting its
motor driver and to be able to acquire and store interesting data needed for
characterizing the electric motor under test.

The goal of these thesis activities is implementing a regenerative active
test bench for electric motor using a Vehicle Management Unit (VMU),
electronic control unit used to elaborate actions to be taken on the basis of
data coming from sensors used in automotive industry, in order to reduce test
bench’s costs that usually have to be addressed by companies for developing
a new test bench. Regenerative test bench means that mechanical energy of
under test electric motor has to be converted in electrical energy to be fed
into national electricity grid. This, for sure, allows to have significant energy
saving and a small power supply even if electric motors to be tested require a
very huge power (30 -50 kW). This because, in that way power supply must
be able to provide a power more or less equal to dissipated power by two
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INTRODUCTION

motors. While, active test bench means that brake motor is not moved by
rotational movement imposed by under test electric motor, but it’s piloted
by user through its motor driver and its inverter. This, of course, allows to
obtain more precise measurements.

In the cases where brake motor is put in rotation by rotational movement
imposed by the under test electric motor, test bench is called passive test
bench. In that cases, the under test electric motor is piloted by an inverter
which manages voltage and frequency values to impose desired rotational
speed values to test motor’s shaft. Once test motor’s shaft starts to rotate,
also passive breaking motor starts rotating and what is called electromagnetic
brakes happens. This because, once the test motor’s shaft is put in rotation
there will be electromagnetic induction that will generate eddy currents that
are responsible of a flux variation that implies a breaking force. This breaking
force is contrasted by load cell that allows to obtain force and torque values
through which test motor’s shaft power values can be computed: multiplying
each other rotational speed and torque values.

Instead, in active test bench cases brake motor is used to generate a load
connected to test motor. Setting bench motor parameters, load dynamic can
be controlled so in that case an additional inverter with respect to passive
test bench cases is needed to pilot bench motor and generating desired loads.
From this, it’s possible to understand that in active test bench cases higher
costs have to be addressed by companies and more complicated system has
to be developed. This, due to the need of two different inverters: one for
piloting bench motor and another one for managing test motor. On the other
hand, this kind of test bench allows to improve measurements’ repeatability
and accuracy.

Moreover, in active test bench a dynamometer and a speed sensor con-
nected to shaft interconnecting two motors must be used to measure torque
and rotational speed values. Other specific sensors are adopted to measure
battery voltage and motor phase current values.

The following chapters allow to understand the procedure followed to
develop a regenerative active test bench’s model and to obtain corresponding
C code, implemented into VMU, to be used to build up final physical system.
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Chapter 2

System Engineering approach
To develop regenerative active test bench introduced in previous chapter,
system engineering approach is followed in order to have standard procedure
that allows to build-up a prototype with all user’s required characteristics
starting from an initial concept model. This is also done because thanks to
this approach, different disciplines and tools needed to develop system can be
included. Moreover, it allows to reduce time and costs required for developing
the final system. In this thesis work two different system engineering tools
have been adopted in order to develop desired test bench for electric motors:
V-shaped model and Modular Technical Model (MTM).

The first one allows to define a procedure to be followed starting from
user’s concept for obtaining final system prototype with all desired character-
istics. So, V-shaped model tool defines all phases to deal with to develop the
final physical system in a way that guarantees user safety. Indeed, it implies
many tests during all development procedure.

Instead, the second tool allows to subdivide the system to be developed
in modules, different parts, such that development’s efficiency and quality
are improved. This because each module can be developed by a different
team having specific skills. Moreover, this tool allows to improve reusability
since developed modules in a specific project can be also adopted in other
project’s development. Obviously, this implies a reduction of development
time and costs to be held by companies, but on the other hand development’s
complexity is increased due to the fact that all modules must be able to
communicate each other so designers must develop them in such a way that
can be possible.

2.1 V-shaped model

V-shaped model allows to define development process for a system to be
developed with specific characteristics and requirements defined by the user.
This tool subdivides development process in phases that must be performed
on succession to proceed in schematic way and obtaining final build-up
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prototype. This, for sure, allows to improve user safety since in each phase
different tests are required in order to verify whether user’s requirements are
satisfied and to proceed with the V-shaped model phases.

From all this, it is possible to understand that V-shaped model tool
allows to organize in a better and more efficient way system’s development
in which debugging errors and problems is simpler.

Figure 2.1: Generic V-shaped model

Observing the V-shaped model reported above, three different branches can
be distinguished: descendent branch that represents verification phase that
starts with requirements analysis and ends with detailed design and program
specification; horizontal branch (the bottom part) that represents coding
phase during which corresponding model’s C code is obtained; ascendant
branch that represents validation phase where modules previously designed
are put together and tested to understand whether everything is working fine
or not on the base of initial user’s requirements.At the end of each phase,
specific tests are performed. Below, a brief description of all performed tests
is reported.
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• Model-in-the-loop testing

Figure 2.2: Model-in-the-loop testing in V-shaped model

It represents the first test performed during V-shaped model phases
and includes all verification phases in order to test designed controller
and plant. To perform it, both plant and controller are modelled in
native simulation tool and they are run in development machine where
they are fed with inputs to obtain corresponding outputs through which
designed system’s behavior can be evaluated in order to understand
whether it must be changed or not on the basis of user’s requirements.
Moreover, to perform this test, both controller and plant models are
run in development machine in no real- time.

• Software-in-the-loop testing

Figure 2.3: Software-in-the-loop testing in V-shaped model
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It represents the second test performed during V-shaped model phases.
It is performed during the last step of verification phase (descendant
branch of V- shaped model), during code V-cycle phase (horizontal
branch of V-shaped model) and during first step of validation phase
(ascendant part of V-shaped model). Thanks to it, obtained Control
Logic’s C-code is tested in order to verify whether it has the same
behavior of corresponding model before designed and tested. Also, in
this case, like MIL testing case, both plant model and controller C-code
are run in development machine and they are fed with inputs to obtain
corresponding outputs to be compared to those obtained in MIL testing
case to verify C-code’s behavior: it works properly if obtained results
are equal to each other.

• Processor-in-the-loop testing

Figure 2.4: Processor-in-the-loop testing in V-shaped model

It represents the third test performed during V-shaped model phases.
In particular, it is performed during the V-shaped model’s first two
steps of validation phase (ascendant branch). To perform it, plant’s
model is run in development machine while Control Logic’s C-code,
obtained in previous phase, is run in target or rapid prototype hardware
to verify its behavior.
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• Hardware-in-the-loop testing

Figure 2.5: Hardware-in-the-loop testing in V-shaped model

It represents the last test performed during V-shaped model phases.
In particular, it is performed during last two steps of validation phase
(ascendant branch). To perform it, obtained and tested Control Logic’s
C-code is run in target or rapid prototyping hardware while plant is
simulated by real time simulator. This test allows to verify plant’s
behavior that is managed by Control Logic’s C-code implemented into
the hardware.
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2.1.1 Hybrid V-shaped model

Going through V-shaped model details, Hybrid V-shaped model must be
considered. Its scheme is reported below.

Figure 2.6: Hybrid V-shaped model

Here, phases to be followed for obtaining final build-up prototype are
highlighted where several models and tools are used. Below, a brief description
of each phase is reported.

• System Overall specification

It is the first phase during which user develops what is called concept
model by means he presents his idea to design company that must
find a way to implement it. To do this, user can adopt any native
platform neglecting all related technical details. This because it is up
to designers evaluating technical details to be considered for obtaining
a system that allows to satisfy all user requirements.

• System design

It is the second phase during which Development Workstation (DWS)
is used for designing and simulating system’s model. Here, only no
real-time concept is considered and at the beginning, system’s design
and simulation are done neglecting target hardware’s characteristics.
During this phase MIL and SIL testing are performed using Modular
Technical Model (MTM). Below all System design sub-phases are listed
and described.
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– Project Environment
It allows to organize system’s development in a better way. Indeed,
during this sub- phase what is called project environment is created
that implies several folders: one for each performed step.

– Model-in-the-loop
It allows to evaluate system model’s behavior once it is imple-
mented starting form concept model upgraded considering all
technical details and characteristics. Results of this test must be
comparable with those obtained simulating concept model pro-
vided by user at the beginning. In this sub-phase, MTM frames
consist of generic interfaces because they are not intended for
Rapid Control Prototyping Platform (RCPP).

– Software-in-the-loop
It is performed once Control Logic’s C-code is automatically
generated in order to verify its behavior: to proceed its behavior
must be equal to that obtained in the previous case where model
is used.Here control law is run in DWS and on the basis of tool
to be used for obtaining code, DWS system target file is selected.

• Rapid control prototyping (RCP) code production

Here, both DWS and RCP platform are used to perform SIL, MIL and
PIL testing. To do this MTM standard architecture is used and system
is considered to be non-real-time. In this case, MIL testing, unlike MIL
testing performed in previous phase, is performed considering RCPP
interfaces which must be modelled. So, before to perform MIL testing
in this case MTM interfaces must be modified with respect to those
used in System Design MIL testing case. This allows to verify system
model’s behavior in presence of RCPP modelled interfaces. To do this,
simulation results obtained in this case must be compared to those
obtained in the previous phase during MIL and SIL testing. Once MIL
testing is done and verified that system’s model works properly Control
Logic’s C-code must be obtained and tested. For this reason, SIL testing
has to be performed setting rapid control prototyping system target
file and running everything in DWS. Also in this case, to understand
whether obtained C-code works properly or not, simulation results
must be compared to those obtained in previous MIL testing. Then,
PIL testing can be performed using RCP platform connected to DWS.
This is done using RCP tool of specific chosen platform which allows
communication between rapid prototyping hardware where C-code is
run and plant’s model which is run in DWS.

• Rapid control prototyping (RCP) on test bench
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In this case, like in PIL testing case of previous phase, RCP platform is
considered and connected to DWS by means the specific RCP tool. But
here, unlike what happens in PIL testing of previous phase, system is
considered being in real-time. This because interfaces are represented
by test bench so, for sure, they are real-time while control law is
taken from MTM and run in DWS. Even this phase is subdivided in
sub-phases, listed below.

– Build
Here, control law C-code is automatically generated selecting RCP
platform System Target File and compiled so that C-code, to be
implemented inside the chosen platform, is built.

– Hardware-in-the-loop
Here, control law C-code obtained in previous sub-phase is de-
ployed on RCP platform such that the entire system can be tested
using test bench which represents the real interface. To manage
input/output signals of RCP platform a proper RCP software is
used.

• VMU Selection
During this phase, MIL testing is performed to analyze the characteris-
tics that VMU must have to build-up the final physical system.

• VMU Procurement and Code Production
During this phase SIL and PIL testing are performed considering the
model developed during the previous phase. This procedure is similar
to what is done in RCP Code Production phase but this time instead
of considering RCP platform’s model, VMU’s model is considered.

• VMU on Test Bench
Here, VMU is tested in real-time since it is connected to DWS where
control law is developed and interfaces, represented by test bench, are
real. So, during this phase an HIL testing is performed.

• Prototype
This is the last phase of V-shaped model in which final system prototype
is built-up. This prototype has real-time interfaces.

2.2 Modular-Technical Model (MTM)
Modular Technical Model (MTM), like V-shaped model, is a tool used in
System Engineering approach. It allows to subdivide system to be developed
into what is called modules such that more than one team with different
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skills can be engaged to develop all modules and obtain the final physical
system’s model. This, for sure, allows designers to improve reusability since
developed modules can be adopted in different projects. At the same time,
this allows to reduce development time because the different system parts
(modules) are developed concurrently by more teams who at the end must
be put together for obtaining the final physical system.

This tool is called Modular since it provides modules that represent
the different parts on which the system is subdivided. So, each module is
developed independently from other modules and it must be able to work
without considering all system parts. Then, it is called Technical because
the standard structure, provided by this tool, contains all technical details
needed to be taken into care for developing desired system.

Standard architecture, shown in figure 2.7, never changes and it provides
always the same modules that must be filled on the basis of details and
characteristics of considered system.

Figure 2.7: Modular-Technical-Model general architecture

From this scheme, the different modules below listed and described can
be distinguished.
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• Environment
This module includes all disturbances and noises coming from ambient
in which system works that can impact system’s behavior.

• Plant
This module contains system’s model whose behavior must be controlled
by control law. Moreover, it also includes monitors by means user is
able to observe measured parameter trends.

• Control
Inside this modules Control Logic module is implemented that represents
application code to be implemented for managing plant’s behavior. Here,
besides to find Control Logic module, layer allowing interaction between
control law and target hardware is implemented. Moreover, a control
scope is implemented to take under control input and output signals.
So, Control module contains target hardware interface’s models that
are very important to be taken into care during Control Logic C-code
production procedure in order to verify obtained C-code’s behavior in
presence of real target hardware’s interfaces

• Human-Machine-Interface
This module is intended for translating user commands into signal
commands to be transmitted to Control module. So, here, different
push-buttons and LEDs could be implemented through which user can
start/stop system and observe its system status. In other words, this
module is intended to implement dashboard by means user can manage
system’s status. Also in this case, a scope can be implemented to take
under control all interesting quantities coming out from plant and/or
control.

• User
This module is intended to simulate all actions to be done by user to
set system before to start it.

In addition, arrows that interconnect each other all different modules
represent physical interconnections to be implemented for allowing commu-
nication among physical built-up system parts. These interconnections can
be implemented by means busses or cables allowing signals exchanges. These
signals can be either continuous or discrete: all modules work with continuous
signals except Control module in which Control Logic module is implemented
and works with only discrete signals. Layer modelled in Control module that
represents interfaces between control law and target hardware can work both
discrete and continuous signals.
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Chapter 3

Test Bench Concept Model
As explained in previous chapters to develop and implement desired electric
motor test bench, V-shaped model tool is adopted. So, following standard
architecture provided by this tool the first phase is System Overall Specifica-
tion by means user presents to designers his idea using what is called concept
model where idea is modelled neglecting all technical details to be considered
for system’s development. Concept model presented by user in this case is
shown in figure 3.1.

Figure 3.1: Static Test Bench concept model

From this model, it is possible to understand that user presents his
idea by means a Simulink model where all specifications to be satisfied are
highlighted. Here, the different components to be designed and implemented
can be distinguished: bench motor, test motor, shaft, controller, inverter and
control monitors. Below a brief description of each element is reported.
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• Bench motor

Figure 3.2: Bench mapped motor Simulink block in concept model

This, called also brake motor, is responsible to impose rotational speed
to electric motor to be tested. It is piloted by user who provides
rotational speed values that is compared to rotational speed values
coming from feedback path in order to evaluate corresponding error
to be provided to PID controller which is able to decide action to be
performed so that measured motor shaft’s rotational speed is equal to
rotational speed value desired by user. Moreover, it must be provided
by its own inverter which needs a specific input voltage value and by
means a motor shaft it must be interconnected to electric motor to be
tested in order to be able to impose desired rotational speed values.

• Test motor

Figure 3.3: Test mapped motor Simulink block in concept model

It represents the electric motor to be tested for obtaining its mechanical
and electrical characteristics. This electric motor, unlike bench motor,
is piloted by user through torque command. It, like brake motor, must
be provided by its own inverter which requires a constant input voltage
value and connected to motor shaft in order to be interconnected to
bench motor.
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• Motor shaft

Figure 3.4: Motor shaft Simulink block in concept model

It represents interconnection elements between the two motors. It must
be considered because, for sure, it introduces mechanical loss that
cannot be neglected.

• PID controller

Figure 3.5: PID controller Simulink block in concept model

PID controller stands for Proportional, Integral, Derivative controller
that represents a controller that is able to provide continuous variation
of output. It implements a control loop based on feedback in order to
control accurately system, increasing efficiency and removing oscilla-
tions. Thanks to feedback mechanism it is able to continuously compute
an error value between what is called setpoint (rotational speed desired
by user) and what is called measured process variable (bench motor
out rotational speed) and apply a correction on three different parts:
proportional part responsible to set a proportional correction on the
basis of computed error (if error is equal to zero no correction occurs);
integral part responsible for considering past error values and integrat-
ing them over time to evaluate integral term (I) to be multiplied for
current error value; derivative parts responsible to implement a sort of
anticipatory control because on the base of its change rate it is able to
estimate further signal trend. Integral term (I) decreases once error is
eliminated while derivative term (D) decreases once error variations
become less rapid.
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• Power supply

Figure 3.6: Power supply in concept model

It is modelled by means a constant because it represents constant
voltage provided by a battery that must be connected to bench and
test motor’s power supply port.

• Control monitors
Monitors are used to analyze interesting parameter trends. Simulink
model allows to analyze different parameter trends such as those coming
out from bench and test motor’s info output port. This output port
allows to analyze motors’ mechanical and electrical quantity trends
such as: mechanical power, power loss, motor power, electric power,
motor power loss and motor power stored. For this reason, user connects
a scope to info output port of both mapped motor Simulink blocks
(motif with a red rectangle in figure 3.7).

Figure 3.7: Control monitor for motors’ info output port

Below a brief description of all parameters coming out from info output
port is reported.

– Mechanical power
It is a signal coming out from bench and test motors’ info output
port that carries information about mechanical power produced
by motors starting from electrical power provided by power supply
and inverter. It is measured in rad.

– Power loss
This is another signal coming out from both motor blocks’ info
output port. It carries information about internal inverter and
motor’s power loss. It is measure in Nm.
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– Power info
It represents another signal coming out from both motor blocks’
info output that carries information about four different parame-
ters such as: motor power, electric power, motor power loss and
motor power stored. The first parameter refers to mechanical power
produced by motor and it is measured in W while the second
one refers to electrical power produced by motor measured in W.
Instead, the third parameter refers to power loss due to friction
presence (mechanical loss), iron losses because of hysteresis and
eddy currents, copper losses because of conduction, additional
losses in metal masses near windings because of eddy currents and
in lamination because of imperfect insulation, losses in insulator
that usually can be overlooked.

Besides scope above described, user implements other scopes to verify
other parameter trends such as those below listed.

– Battery current
It represents another bench and test motor blocks’ output port
from which a signal carrying information about draw or demand
current by motors comes out. It represents demand current if
its value is negative or draw current if its value is positive. It is
measured in A and its trend is taken under control by means a
viewer connected directly on bus as highlighted in figure 3.8.

Figure 3.8: Viewer for battery current motors’ output port

This viewer allows to control both motors’ battery current trend
and comparing them to each other.

– Motor torque
It represents another mapped motor Simulink blocks’ output port
from which a signal carrying information about motor output shaft
torque. It is measured in Nm. This signal, like battery current
case, is taken under control by means a viewer directly connected
on bus as shown in figure 3.9.
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Figure 3.9: Viewer for bench motor’s motor torque output port

This viewer allows to control motor torque signal trend of both
motors and compare them to each other.

– Motor speed
It represents signal coming out from motor shaft’s speed output
port that carries information about speed control signal for test
motor. It is measured in rad/s and taken under control by means
a viewer directly connected to bus as shown in figure 3.10.

Figure 3.10: Viewer for test motor’s speed command

– Bench motor torque command
It represents signal coming out from PID controller that carries
information about torque command used to pilot bench motor and
obtaining user’s desired rotational speed at motor shaft’s output
port. It is measured in Nm and taken under control by means a
viewer directly connected to bus as shown in figure 3.11.

Figure 3.11: Viewer for bench motor’s torque command
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– Test motor torque command
It represents a signal coming out from transfer function Simulink
block used to pilot test motor. It is measured in Nm and taken
under control by means a viewer directly connected to bus as
shown on figure below.

Figure 3.12: Viewer for test motor’s torque command

– Supply power and current
They represent parameters computed starting from signals coming
out from some mapped motor Simulink blocks’ output ports. In-
deed, supply current parameter is computed starting from battery
current signals coming out from “BattCurr” output ports that
must be added together while supply power is computed starting
from supply current, before described, that has to be multiplied
by power supply voltage value.

Figure 3.13: Scope for supply power and current in concept model

3.1 User requirements
User asks for different requirements to be satisfy for test bench to be designed
and implemented. All these requirements can be summarized in: static active
regenerative test bench. Below a detailed explanation is reported.

• Regenerative
This means that user requires an electric motor test bench in which
total absorbed power is more or less equal to the sum of bench and test
motor’s dissipated power. This is required by user because it requires
a test bench that is able to test motors that require very huge power
(30 – 50 kW) using a small power supply. For this reason, in concept
model user implements a control monitor allowing to take under control
absorbed power and demanded current trends.
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• Active
This means that user requires a test bench in which both motors (bench
and test motor) are piloted by an own inverter. This because user wants
an electric motor test bench with a very high accuracy into evaluating
test motor characteristics. This can be reach only if bench motor is
piloted by its own inverter, like test motor, because in that way user
is able to control bench motor’s behavior on the basis of test to be
performed. This is very important since in those cases bench motor
represents the load connected to test motor.

• Static
This means that user is asking for a test bench where dynamic that can
affect test motor’s behavior has not to be considered. This, in turns,
means that interesting parameters must be measured in steady state
condition.

Besides all these requirements, another very important user’s request is
the fact that electric motor test bench must be designed and implemented
in such a way that both motors are piloted by using a Vehicle Management
Unit (VMU) in order to reduce very high costs to be addressed by companies
in standard situation. Indeed, in standard situation companies must address
high costs for building up what is called Human Machine Interface (HMI)
that is constituted of two different drivers, one for each motor, different
computers for storing data and setting desired parameters on the basis of
test to be performed. In addition, VMU usage must allow to automatize test
bench in order to be able to obtain 3D efficiency and dissipated power map
of electric motor under test.
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3.2 Concept model simulation
To simulate concept model shown at beginning of this chapter, a MATLAB
script must be run before to start Simulink simulation. This MATLAB script
(figure 3.14) must contain all needed parameters for parametrizing mapped
motor Simulink blocks used to implement model.

Figure 3.14: Concept model’s MATLAB script

Here, a mapped motor section can be distinguished where all parameters
needed to parametrize bench and test mapped motor Simulink blocks are
defined. To do this user consider the same electric motor to model both
brake and test motor. Indeed, in MATLAB script above reported there is
no distinction between two motors. This can be also verified from Simulink
model opening block parameters’ window of each mapped motor Simulink
block where the same variables’ name is defined.
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Figure 3.15: Mapped motor Simulink block parameters window in concept
model

Below all needed parameters to be defined in MATLAB script are listed
and described.

• Nominal rotational spped (w_n)

It represents rotational speed value assumed by motors in nominal
conditions. So, it represents the rotational speed value for which electric
motor can work for an “infinite period” guaranteeing always perfor-
mances declared in rating plate by designer. It is measured in rad/s.
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• Nominal mechanical torque (T_m_n)

It represents torque value provided by electrical motor in nominal con-
ditions. So, it represents torque value for which electric motor can work
for an “infinite period” without problems guaranteeing performances
declared in rating plane. It is measured in Nm.

• Nominal efficiency (eta_n)

It represents electric motor efficiency’s value in nominal conditions. So,
it represents efficiency’s value guaranteed by electric motor when it
works at nominal rotational speed and nominal mechanical torque.

• Nominal mechanical power (P_m_n)

It represents electric motor’s mechanical power at crankshaft when
motor works in nominal conditions. Indeed, it can be computed as the
product between nominal mechanical torque and nominal rotational
speed. It is measured in W.

• Maximum mechanical torque (T_m_max)

It represents the maximum torque value that can be provided to electric
motor without causing problems to electric and mechanical circuit inside
motor. It is measured in Nm.

• Maximum mechanical power (P_m_max)

It represents the maximum mechanical power that can be provided by
electric motor without causing problems to electric motor’s electrical
and mechanical parts. It can be computed as product between maximum
mechanical torque and maximum rotational speed. It is measured in
W.

• Mechanical time constant (tau_m)

It represents time constant measuring time needed by electric motor
to reach about 63measures electric motor’s responsiveness.

• Iron power loss (Pl_iron)

This variable defines all power loss in the iron. So, it defines power loss
due to Joule effect which depends on absorbed current by load, power
loss due to ferromagnetic material’s hysteresis, power loss due to eddy
currents’ presence. It is measured in W.

• Nominal electric power loss (Pl_eln)

This variable defines all power loss that are independent from torque
and rotational speed. It is measured in W.
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• Torque constant (k_T)
This constant is specified by motor’s designer. It depends on magnetic
strength and on wire’s number. Moreover, it determines the slope of
torque-current curve.

• Mechanical moment of inertia (J_m)
This variable defines moment of inertia generated by mechanical masses
in rotation with respect to rotational axis. It is measured in kgm2.

• Mechanical constant (beta_m)
This variable defines friction generated between electric motor’s rotating
part. It allows to compute resistant torque applied to motor shaft.

3.3 Concept model simulation results
Running MATLAB script, shown in figure 3.14, all defined variables will
be loaded in RAM memory so that Simulink model blocks can refer to
them during simulation. Before to start Simulink simulation, simulation
time must be set so that when it is expired simulation stops. Considering a
simulation time of 50 seconds and running Simulink concept model results
below reported are obtained.

• Total absorbed power

Figure 3.16: Total absorbed power in concept model

Here, total absorbed power’s steady state value is about 2.621e+03 W.
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• Total demanded current

Figure 3.17: Total demanded current in concept model

Here, total demanded current steady-state value is about 2.730e+1 A.

• Bench motor dissipated power

Figure 3.18: Bench motor dissipated power in concept model

Here, bench motor’s dissipated power steady-state value is about -1.172
kW.
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• Test motor dissipated power

Figure 3.19: Test motor dissipated power in concept model

Here, test motor’s dissipated power steady-state value is about -1.199
kW.

Summing bench and test motor’s dissipated power, total dissipated power
is obtained that at steady-state assumes a value equal to -2.371e+03 W.
Comparing this value with total absorbed power value, user’s regenerating
requirement is demonstrated. Absorbed power, of course, is a little bit bigger
due to motor shaft presence that, for sure, introduce mechanical losses that
are not considered in summing bench and test motor’s dissipated power.

Besides above parameter trends, other parameters trends can be obtained
from concept model such as: bench motor torque command, test motor torque
command, test motor speed command, battery currents, generated motor
torques and all bench and test motor parameters coming out from their info
output ports.
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• Bench motor torque command

Figure 3.20: Bench motor torque command in concept model

Here, bench motor torque command’s steady-state value coming out
from PID controller is about -39.5 Nm.

• Test motor torque command

Figure 3.21: Test motor torque command in concept model

Here, test motor torque command’s steady-state value coming out from
transfer function is about 40 Nm as desired since user set 40 Nm as
torque value to pilot test motor.
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• Test motor speed command

Figure 3.22: Test motor speed command in concept model

Here, test motor speed command’s steady-state value coming out from
motor shaft is about 500 rad/s as desired since user set 500 rad/s as
speed value to pilot bench motor.

• Bench and test motor battery currents

Figure 3.23: Bench and test motor battery currents in concept model

Here, bench motor battery current’s steady-state value is about -193.485
A (demanded current) while test motor battery current’s steady-state
value is about 220.787 A (draw current).
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• Generated motor torques

Figure 3.24: Bench and test motor generated torques in concept model

Here, generated bench motor torque’s steady-state value is about -
39.492 Nm (negative because bench motor is braked) while generated
test motor torque’s steady-state value is about 39.992 Nm. Test motor
generated torque is less than torque values set by user (40 Nm) due to
mechanical losses inside motor, while bench motor’s generated torque
is less than test motor’s generated torque since part of torque is used
to put in rotation motor shaft interconnected to both motors.

• Bench motor mechanical and electrical parameters

Figure 3.25: Bench motor mechanical and electrical parameters in concept
model

Here, bench motor’s mechanical and electrical parameter trends such
as mechanical power, internal invert and motor power loss, mechanical
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power, electrical power, motor power loss and motor power stored can
be seen.

• Test motor mechanical and electrical parameters

Figure 3.26: Test motor mechanical and electrical parameters in concept
model

Here, test motor’s mechanical and electrical parameter trends such as
mechanical power, internal invert and motor power loss, mechanical
power, electrical power, motor power loss and motor power stored can
be seen.
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Chapter 4

System design phase: technical model
This is the first phase performed by designer during which user requirements
must be carefully analyzed in order to find the best solution to implement
final physical system that is able to satisfy them. Here, designer must consider
technical details that are neglected by user during concept model’s production,
described in previous chapter, and found the most efficient solution taking
also into account costs to be addressed by company. But in doing so, designer
neglects details about target hardware to be used. So, during this phase,
the designer, starting from concept model given by user, must build-up a
technical model that is able to satisfy all user’s requirements considering all
technical details. For this reason, during this phase often Technical model
term is used and Modular Technical Model tool is considered to realize it.

4.1 Preliminary technical model
In this thesis work, before to consider Modular-Technical-Model, a preliminary
technical model has been created to understand whether what is asked by
the user is feasible or not and whether all his requirements can be satisfied.

4.1.1 Some preliminary modification of concept model

First of all, concept model has been modified in such a way that what is
asked by user is clearly visible. For this reason, modifications shown in figure
4.1 have been done in concept model provided by user.
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Figure 4.1: Preliminary technical model

Here, part highlighted in violet on the right part of model (figure 4.2) is
added and named Control Monitors.

Figure 4.2: Preliminary technical model’s control monitors
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It contains all scopes that allow to take under control all relevant bench
motor parameters such as dissipated power, current demanded or draw and
absorbed power ; all relevant test motor parameters such as dissipated power,
demanded or drawn current, absorbed power, rotational speed and torque.
By means the biggest scope, reported in this new part, power recirculating
effect can be verified since it shows total absorbed and total dissipated power
trends so comparison between them is done. Moreover, an additional scope
shows total demanded current.

Then, a new power supply with respect to concept model has been im-
plemented. This because, instead of considering the same electric motor
both in bench and test motor case, like happens in concept model, two
different electric motor have been considered which are characterized by an
own voltage power supply value. This time in fact, Sitem motor has been
considered for bench motor which is provided by its own inverter requiring
a 96 V DC voltage supply while SME motor has been considered for test
motor that, like Sitem motor, is provided by its own inverter requiring a 66
V DC voltage supply.

This, for sure, implies that also MATLAB script, provided by user, needs
to be upgraded defining all SME motor’s mechanical and electrical data. In
figure 4.3 upgraded MATLAB scrip is shown.

Figure 4.3: Preliminary technical model’s MATLAB script

For obtaining desired parameter trends, MATLAB script shown in previ-
ous figure must be run before to run Simulink model. Once MATLAB script
is run, a simulation time must be defined in Simulink model in order to
decide how many time simulation must last. Below results are listed.
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• Bench motor dissipated power Pdbm

Figure 4.4: Pdbm
with both motors set in single efficiency measurement

This variable, at steady-state, is approximately -2.211 kW. Its value is
negative since it represents a lost power.

• Bench motor absorbed power Pabm

Figure 4.5: Pabm
with both motors set in single efficiency measurement

This variable, at steady-state, is approximately -17.55 kW. It assumes
a negative value since it represents provided power.
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• Bench motor demanded or drawn current Ibm

Figure 4.6: Ibm with both motors set in single efficiency measurement

At steady-state, this variable is approximately -182.785 A. Its value is
negative since it represents a demanded current.

• Test motor dissipated power Pdtm

Figure 4.7: Pdtm with both motors set in single efficiency measurement

This variable, at steady-state, is approximately -2.911 kW. Its value is
negative since it represents a lost power.
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• Test motor absorbed power Patm

Figure 4.8: Patm with both motors set in single efficiency measurement

At steady-state it results to be approximately 22.92 kW. In this case,
unlike bench motor absorbed power, a positive value is reached since it
represents an absorbed power.

• Test motor demanded or drawn current Itm

Figure 4.9: Itm with both motors set in single efficiency measurement

At steady-state, it is approximately since it is a drawn 347.262 A. In
this case current value assumes a positive value current.
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• Motor shaft rotational speed ω

Figure 4.10: ω with both motors set in single efficiency measurement

At steady-state, it results to be approximately 500 rad/s as expected
since at beginning a rotational speed command of 500 rad/s has been
set for piloting bench motor which is responsible to impose rotational
speed to test motor.

• Test motor torque Ttm

Figure 4.11: Ttm with both motors set in single efficiency measurement

At steady-state, it results to be approximately 40 Nm as expected since
at beginning a torque command of 40 Nm has been set to pilot test
motor.
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• Power recirculating effect

Figure 4.12: Pa, Pd with both motors set in single efficiency measurement

Here, absorbed and dissipated power are not perfectly equal to each
other as expected for verifying power recirculating effect. This does
not mean that effect is not verified since difference between two powers
is due to motor shaft presence that, of course, requires some power
that must be added to absorbed power. Indeed, absorbed power at
steady-state is more or less equal to 5.372 kW while dissipated power
is more or less equal to -5.122 kW.

• Total demanded current (I)

Figure 4.13: I with both motors set in single efficiency measurement

Here, the sum between bench and test motor current (Ibm and Itm) is
shown. At steady- state it assumes a value equal to 164.5A.
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4.1.2 Tabulated bench motor

After checking that modifications above described work properly, preliminary
technical model can be modified again. This time modifications concern bench
mapped motor Simulink block that must be tabulated. This means that bench
motor must be parametrized considering its efficiency and/or dissipated power
3D maps in order to obtain interesting parameter values as close as possible
to those that can be obtained in practice. This because, tabulating bench
mapped motor Simulink block, it is possible to obtain a more accurate bench
motor behavior during simulations. So, this modification is very important to
understand technical details to be considered for implementing final physical
system.

First of all, only bench mapped motor Simulink block has been tabulated
while test mapped motor Simulink block has been set in single efficiency
measurements. To tabulate bench mapped motor Simulink block "ICE Test
Bench Upgrading For Hybrid and Electrical Powertrain" thesis is considered
where all needed data are reported. Below list of all needed variables is
reported.

• Vector of rotational speeds w_t [rad/s]

• Vector of maximum torque values T_t [Nm]

• Torque control time constant Tc [s]

• Vector of speed for tabulated losses w_eff_bp [rad/s]

• Vector of torques for tabulated losses T_eff_bp [Nm]

• Corresponding efficiency efficiency_table [%]

• Corresponding losses losses_table [W ]

To find these parameters, bench mapped motor Simulink block’s block
parameters window has to be opened by clicking two times on block. Once,
window is opened two possible subsections can be selected: Electrical Torque
and Electrical Losses.

Considering Electrical Torque section, “Tabulated torque-speed envelope”
from drop-down menu can be selected in order to define parametrization way
for bench mapped motor Simulink block. Doing this, the three above listed
parameters must be defined.
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Figure 4.14: Electrical torque section of bench motor block parame-
ters’window

• Vector of rotational speeds w_t [rad/s]
It is a vector to be defined in MATLAB script considering rotational
speed values that can be used for permissible steady-state operation.
Values reported in this vector have to be defined in rad/s.

• Vector of maximum torque values T_t [Nm]
It is a vector to be defined in MATLAB script considering maximum
torque values that can be used for permissible steady-state operation.
Here, torque value must be defined in Nm.

• Torque control time constant Tc [s]
It represents time constant defining seconds used by motor driver for
tracking a torque demand.

To define w_t and T_t vectors, maximum torque and maximum power’s
graph must be considered form which rotational speed and torque values
reported in table 4.1 can be read.

Figure 4.15: Bench motor maximum torque and power curves
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Speed [rad/s] Torque [Nm]
52.4 52.5
104.7 52.5
157.1 52.5
209.4 52.5
261.8 52.5
314.2 52.5
366.5 52.5
418.9 52.5
471.2 47
523.6 42
575.9 38
628.3 35

Table 4.1: Bench motor maximum torque values reachable at steady-state

At this point two vectors can be defined on MATLAB script, shown in
figure 4.16, where w_t vector is defined as w_t_vec_bench while T_t vector
is defined as T_t_vec_bench. In addition among all other bench motor
parameters, torque control time constant Tc is defined as tau_m_bench.

Figure 4.16: Bench motor electrical torque section’s MATLAB script

Instead considering Electrical Losses section of block parameters window,
two different ways for parameterizing losses can be chosen: Tabulated loss
data and Tabulated efficiency data. The first way is used when bench mo-
tor’s dissipated power 3D map is considered to parametrize mapped motor
Simulink block while the second way is used when bench motor’s efficiency
3D map is considered.

Selecting Tabulated loss data way, only three of previous listed parameters
must be defined in MATLAB script.
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Figure 4.17: Bench motor electrical losses section in tabulated loss data way

• Vector of speed for tabulated losses w_eff_bp [rad/s]

It is a vector to be defined in MATLAB script considering rotational
speed values that must be taken into care as rotational speed break-
points for lookup table used for calculating losses. Here, rotational
speed values must be defined in rad/s.

• Vector of torques for tabulated losses T_eff_bp [Nm]

It is a vector to be defined in MATLAB script considering torque values
that must be taken into care as torque breakpoints for lookup table
used for determining losses. Here, torque values must be defined in
Nm.

• Corresponding losses losses_table [W ]

It is a matrix containing electrical losses values as function of rotational
speed values defined in w_eff_bp vector and torque values defined in
T_eff_bp vector. This matrix must be constituted of a number of raw
equal to w_eff_bp vector elements and a number of columns equal to
T_eff_bp vector elements. Electrical losses values in this matrix must
be defined in W.

For defining these three variables, dissipated power map shown in figure 4.18
must be considered.
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Figure 4.18: Bench motor’s dissipated power map

Considering this map, MATLAB script must be upgraded as below shown
where w_eff _bp vector is defined as w_eff_bp_vec_bench, T_eff_bp
vector is defined as T_eff_bp_vec_bench and losses_table is defined as
losses_table_bench.

Figure 4.19: MATLAB script with bench motor’s dissipated power map

Selecting Tabulated efficiency data way, the only thing that changes with
respect to previous case is related to the fact that instead of considering
bench motor’s power losses matrix, efficiency matrix is considered. In this
case, block parameters’ window is the one shown in figure 4.20.
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Figure 4.20: Bench motor’s electrical losses section in tabulated efficiency
data way

Here, the same variables described in previous case appears (w_eff_bp and
T_eff _bp) but instead of having losses_table, efficiency table must be
defined.

• Corresponding efficiency (efficiency_table) [%]

It is a matrix containing efficiency values as function of rotational
speed values defined in w_eff_bp vector and torque values defined
in T_eff_bp vector. This matrix must be constituted of a number of
raw equal to number of w_eff_bp vector elements and a number of
columns equal to T_eff_bp vector elements. Efficiency values in this
matrix must be defined in %.

T_eff_bp and w_eff_bp vectors are defined as described in previous case
while efficiency matrix is defined considering bench motor’s efficiency map
(figure 4.21). Taking into care this map, MATLAB script must be upgraded
defining efficiency_table variable. This is done as shown in figure 4.22 where
that variable is defined as efficiency_table _bench.
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Figure 4.21: Bench motor’s efficiency map

Figure 4.22: MATLAB script with bench motor’s efficiency map

Here, on the right bottom part also SME motor’s mechanical and electrical
parameters are defined. Once it is run, simulation time must be set in
Simulink model and bench motor’s parameterization way both for electrical
torque and electrical losses section must be selected as before described.
Selecting Tabulated loss data as losses’ parametrization way in Electrical
Losses section of bench motor parameters’ window, results below shown have
been obtained.
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• Bench motor dissipated power (Pdbm
)

Figure 4.23: Pdbm
with bench motor set in tabulated loss data

At steady-state, it is approximately -2 kW. Its value has negative sign
since it represents lost power and it assumes smaller value with respect
to the case where both mapped motor Simulink blocks are set in single
efficiency measurements (-2.211 kW as shown in figure 4.4)

• Bench motor absorbed power (Pabm
)

Figure 4.24: Pabm
with bench motor set in tabulated loss data

At steady-state, it results to be approximately -17.75 kW. It assumes
exactly the same value obtained in case where both mapped motor
Simulink blocks are set in single efficiency measurements and its nega-
tive sign means that bench motor provides power.
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• Bench motor demanded or drawn current (Ibm)

Figure 4.25: Ibm with bench motor set in tabulated loss data

At steady-state, this variable is approximately -184.941 A. Its value is
negative since it represents a demanded current and it is bigger than
the value obtained in case where both mapped motor Simulink blocks
are set in single efficiency measurements (-182.785 A as shown in figure
4.6).

• Test motor dissipated power (Pdtm)

Figure 4.26: Pdtm with bench motor set in tabulated loss data

At steady-state, it results to be approximately -2.901 kW. Its value is
negative since it represents lost power and it assumes smaller value
than that obtained in case where both mapped motor Simulink blocks
are set in single efficiency measurements (-2.911 kW as shown in figure
4.7)
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• Test motor absorbed power (Patm)

Figure 4.27: Patm with bench motor set in tabulated loss data

At steady-state, it assumes exactly the same value measured in case
where both mapped motor Simulink blocks are set in single efficiency
measurements, 22.92 kW. In this case, unlike bench motor absorbed
power, it assumes a positive value since it represents absorbed power
instead of provided power.

• Test motor demanded or drawn current (Itm)

Figure 4.28: Itm with bench motor set in tabulated loss data

At steady-state, this variable is approximately 347.178A. Here, unlike
bench motor current’s case, current value assumes a positive value
since it represents drawn current and it is a bit smaller that the value
obtained in case where both mapped motor Simulink blocks are in in
single efficiency measurements (347.262 A as shown in figure 4.9)
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• Motor shaft rotational speed ω

Figure 4.29: ω with bench motor set in tabulated loss data

Here, like the case in which both mapped motor Simulink blocks are set
in single efficiency measurements, at steady state rotational speed value
assumes exactly the same value of rotational speed command, set at
beginning, that is chosen to pilot bench motor (500 rad/s), responsible
to brake and impose rotational speed to test motor connected to it

• Test motor torque Ttm

Figure 4.30: Ttm with bench motor set in tabulated loss data

Also in this case, like the case where both mapped motor Simulink
blocks are set in single efficiency measurements, at steady state torque
value measured at the output of test motor assumes exactly the same
value of torque command set at beginning to pilot test motor, 40 Nm.
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• Power recirculating effect

Figure 4.31: Pa, Pd with bench motor set in tabulated loss data

Here, like the case where both mapped motor Simulink blocks are
set in single efficiency measurement, absorbed and dissipated power
are not perfectly equal to each other as expected. This, due to motor
shaft presence that, of course, requires some power that must be added
to motors’ absorbed power. Indeed, at steady state absorbed power
results to be about 5.159 kW while dissipated power is about -4.909
kW. In this case, both powers assume smaller value with respect to case
where both mapped motor Simulink blocks are set in single efficiency
measurements (5.371 kW and -5.121 kW as shown in figure 4.12).

• Total demanded current (I)

Figure 4.32: I with bench motor set in tabulated loss data

This graph shows the sum between bench and test motor’s current
from which its steady- state value can be read (about 162.2 A). Com-
paring this value with that obtained in case where both mapped motor
Simulink blocks are set in single efficiency measurement a difference
can be observed since this time total demanded current assumes smaller
value with respect to previous case (about 164.5 A).
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Instead, setting bench mapped motor Simulink block considering Tabu-
lated efficiency data as losses parameterization way in parameters window’s
Electric Losses section and performing Simulink simulation choosing the
same simulation time considered for performing simulation in case where
only bench mapped motor Simulink blocks is set in tabulated losses (100 s),
results shown in following figures have been obtained that can be compared
to those obtained in previous case.

• Bench motor dissipated power (Pdbm
)

Figure 4.33: Pdbm
with bench motor set in tabulated efficiency data

At steady-state, it results to be approximately -2.017 kW. Also in this
case, it assumes negative sign since it represents dissipated power and
it is more or less equal to value obtained in case where only bench
motor is set in tabulated loss data (-2 kW as shown in figure 4.23)
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• Bench motor absorbed power (Pabm
)

Figure 4.34: Pabm
with bench motor set in tabulated efficiency data

At steady-state, it assumes a negative sign approximately equal to
-17.74 kW which means it represents bench motor’s provided power. Its
value is more or less equal to that obtained in case where only bench
mapped motor is set in tabulated loss data (-17.75 kW as shown in
figure 4.24)

• Bench motor demanded or drawn current (Ibm)

Figure 4.35: Ibm with bench motor set in tabulated efficiency data

At steady-state, it is approximately -184.759 A that is a bit smaller
that value obtained in case where only bench mapped motor is set in
tabulated loss data (-184.941 A as shown in figure 4.25). Its negative
sign means that it represents demanded current.
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• Test motor dissipated power (Pdtm)

Figure 4.36: Pdtm with bench motor set in tabulated efficiency data

Here, at steady-state variable results to be approximately -2.909 kW,
so it is very similar to value obtained in case where only bench mapped
motor Simulink blocks is set in tabulated loss data (-2.901 kW as shown
in figure 4.26). Its negative sign means that it is lost power.

• Test motor absorbed power (Patm)

Figure 4.37: Patm with bench motor set in tabulated efficiency data

At steady-state, it is approximately 22.91 kW, so it results to be equal
to value obtained in case where only bench mapped motor Simulink
block is set in tabulated loss data. In this case, unlike bench motor
absorbed power, its value is positive since it represents absorbed power
instead of provided power.
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• Test motor demanded or drawn current (Itm)

Figure 4.38: Itm with bench motor set in tabulated efficiency data

At steady-state, it results to be approximately 347.178A like value
obtained in case where only bench motor is set in tabulated loss data.
In this case, unlike bench motor case, current value assumes a positive
value since it represents drawn current instead of demanded current.

• Motor shaft rotational speed ω

Figure 4.39: ω with bench motor set in tabulated efficiency data

At steady-state, it assumes the expected value 500 rad/s that results
to be equal to rotational speed command set at beginning to pilot
bench motor that is responsible to impose rotational speed value to
test motor.
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• Test motor torque Ttm

Figure 4.40: Ttm with bench motor set in tabulated efficiency data

At steady-state, it reaches desired value that is equal to torque command
value set at beginning by user to pilot motor under test, 40 Nm.

• Power recirculating effect

Figure 4.41: Pa, Pd with bench motor set in tabulated efficiency data

Here, like previous case where bench mapped motor Simulink block is
set in tabulated loss data, absorbed and dissipated power steady-state
values are not perfectly equal between them as expected. This, due
to motor shaft presence which requires power that must be added to
motors’ absorbed power. This time absorbed power at steady-state
assumes is more or less equal to 5.177 kW, a bit bigger than value
obtained in case where only bench mapped motor Simulink model is set
in tabulated loss data (5.159 kW), like also happens in dissipated power
case indeed here it assumes a value of -4.927 kW while in previous case
it is more or less equal to 4.909 kW.
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• Total demanded current (I)

Figure 4.42: I with bench motor set in tabulated efficiency data

Here, the sum between bench and test motor phase current (Ibm, Itm)
is shown. At steady- state it assumes a value more or less equal to that
obtained in case where only bench motor is set in tabulated loss data.
Indeed, here it is approximately 162.4A while in the other case it is
about 162.2 A.

4.1.3 Tabulated bench and test motor

Once model with only bench mapped motor Simulink block sets in tabu-
lated loss data is tested and validated, next step can be performed. Here,
test mapped motor Simulink block has to be tabulated by using the same
procedure adopted for bench mapped motor Simulink block. So, also in this
case the two parameters window’s section must be considered: Electrical
Torque and Electrical Losses. In the first section only one parameterization
way can be chosen while in the second section two different parameterization
way can be chosen. Indeed, opening test mapped motor Simulink block and
selecting Electrical Torque section, only Tabulated torque-speed envelope can
be chosen as parameterization way from drop-down menu while considering
Electrical Losses section two different options can be chosen as parameter-
ization way:Tabulated loss data in case test motor’s dissipated power map
is chosen or Tabulated efficiency data in case test motor’s efficiency map is
chosen. Each section is characterized by different variables to be defined in
MATLAB script as described in bench motor’s tabulation case. So, corre-
sponding MATLAB script to be run for starting Simulink simulation is the
one shown in figure 4.43.
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Figure 4.43: MATLAB script with tabulated bench and test motor

Here, all needed variables to parametrize Simulink model blocks are
defined so that, once it is run, they are loaded into workspace and Simulink
blocks can use them during simulation. In this MATLAB script, besides to
find needed variables to parametrize bench mapped motor Simulink block,
all needed variables to parameterize test mapped motor Simulink block are
defined. Indeed, variables below listed must be added.

• w_t_vec_test, added to define w_t vector for test motor

• T_t_vec_test, added to define T_t vector for test motor

• tau_m_test, added to define Tc constant for test motor

• w_eff_bp_vec_test, added to define w_eff_bp vector for test motor

• T_eff_bp_vec_test, added to define T_eff_vec vector for test motor

• loss_table_test, added to define test motor losses_table

• efficiency_table_test, added to define test motor efficiency_table

Before to start Simulink simulation, simulation time must be defined in
order to decide how many time simulation must last to evaluate parameter
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trends. To obtain trend easily comparable with the ones obtained in previous
cases, it is set equal to 100s, like previous cases. Moreover, bench and test
mapped motor Simulink blocks must be set in proper way in order to tabulate
them. For this reason, first of all Tabulated torque-speed envelope parameteri-
zation way from electrical torque section and Tabulated loss data or Tabulated
efficiency data parameterization way from electrical losses section must be
chosen in order to parametrize both bench and test mapped motor Simulink
block considering either their dissipated power maps or their efficiency maps.

In case user decides to consider dissipated power maps to parametrize
both mapped motor Simulink blocks, Tabulated loss data parameterization
has to be selected from electrical losses section of block parameters’ window.
At that point running Simulink model, parameter trends below shown are
obtained.

• Bench motor dissipated power (Pdbm
)

Figure 4.44: Pdbm
with both motors set in tabulated loss data

At steady-state, it results to be approximately -2 kW. It reaches that
value assuming the same trend obtained in case where only bench
mapped motor Simulink model is set in tabulated loss data (figure
4.23). Its value has negative sign since it represents dissipated power.
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• Bench motor absorbed power (Pabm
)

Figure 4.45: Pabm
with both motors set in tabulated loss data

At steady-state, it assumes a value more or less equal to -17.75 kW that
results to be exactly equal to value obtained in case where only bench
mapped motor Simulink block is set in tabulated loss data (figure 4.24).
Its negative value means that it represents provided power.

• Bench motor demanded or drawn current (Ibm)

Figure 4.46: Ibm with both motors set in tabulated loss data

At steady-state, it is about -184.947 A. Its negative sign means that
it represents demanded current and its value is very similar to that
reached in case where only bench mapped motor Simulink block is set
in tabulated loss data (-184.941 A as shown in figure 4.25).
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• Test motor dissipated power (Pdtm)

Figure 4.47: Pdtm with both motors set in tabulated loss data

At steady-state, it results to be approximately -1.481 kW which means
that it is smaller than value obtained in all other cases. Its negative
sign means that it represents lost power.

• Test motor absorbed power (Patm)

Figure 4.48: Patm with both motors set in tabulated loss data

At steady-state, it assumes a value approximately equal to 21.49 kW,
smaller than those obtained in previous cases. In this case, unlike bench
motor absorbed power, it assumes a positive sign since it represents
absorbed power instead of provided power.
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• Test motor demanded or drawn current (Itm)

Figure 4.49: Itm with both motors set in tabulated loss data

At steady-state, it assumes a value approximately equal to 325.542 A,
smaller than steady-state values obtained in other cases. In this case,
unlike bench motor case, current value assumes positive sign since it
represents drawn current instead of demanded current.

• Motor shaft rotational speed ω

Figure 4.50: ω with both motors set in tabulated loss data

At steady-state, is approximately equal to desired value (500 rad/s)
that corresponds to rotational speed’s command set at beginning by
user to pilot bench motot which is responsible to impose rotational
speed to test motor.
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• Test motor torque Ttm

Figure 4.51: Ttm with both motors set in tabulated loss data

At steady-state, it assumes desired value (40 Nm) which corresponds
to torque value’s command set at beginning by user to pilot test motor
is approximately 40 Nm.

• Power recirculating effect

Figure 4.52: Pa, Pd with both motors set in tabulated loss data

Here, like all cases previously analyzed, absorbed and dissipated power
steady-state values are not perfectly equal between them, as expected.
This due to motor shaft presence which absorbs power that must be
added to motors’ absorbed power. This time absorbed power at steady-
state is about 3.731 kW, while dissipated power steady-state value is
about -3.481 kW. Both are smaller that values obtained in previous
cases.
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• Total demanded current (I)

Figure 4.53: I with both motors set in tabulated loss data

Here, sum between bench and test motor current (Ibm, Itm) is shown.
At steady-state it is about 140.6A, smaller than steady-state values
obtained in all other cases.

Instead, in case where user decides to parametrize bench and test mapped
motor Simulink blocks considering their efficiency maps, Tabulated efficiency
data parameterization way from electrical losses section must be chosen.
Doing this and performing Simulink simulation setting the same simulation
time considered in previous cases, parameters trends below shown have been
obtained that can be compared to those obtained in previous cases.

• Bench motor dissipated power (Pdbm
)

Figure 4.54: Pdbm
with both motors set in tabulated efficiency data

At steady-state, it results to be approximately -2.017 kW which is the
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same value obtained in case where only bench mapped motor Simulink
block is tabulated in efficiency data (figure 4.33). Its negative sign
means that it represents dissipated power.

• Bench motor absorbed power (Pabm
)

Figure 4.55: Pabm
with both motors set in tabulated efficiency data

At steady-state, it assumes the same value obtained in case where
only bench mapped motor Simulink block is tabulated in tabulated
efficiency data (figure 4.34), about -17.74 kW. Its negative value means
that it represents provided power.

• Bench motor demanded or drawn current (Ibm)

Figure 4.56: Ibm with both motors set in tabulated efficiency data

At steady-state, it is approximately equal to -184.765 A which means
that it is perfectly equal to value obtained in case where only bench
mapped Simulink block is set in tabulated efficiency data (figure 4.35).
Its negative sign means that it represents demanded current.
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• Test motor dissipated power (Pdtm)

Figure 4.57: Pdtm with both motors set in tabulated efficiency data

At steady-state, it assumes bigger value than those obtained in previous
cases, about -1.801 kW. Its negative value means that it is lost power.

• Test motor absorbed power (Patm)

Figure 4.58: Patm with both motors set in tabulated efficiency data

At steady-state, it reaches smaller value with respect to those obtained
in previous cases but at the same time reached value is bigger than
that obtained in case where both mapped motor Simulink blocks are
set in tabulated loss data, about 21.81 kW. Here, unlike bench motor
case, absorbed power assumes positive sign since it represents absorbed
power and not provided power.
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• Test motor demanded or drawn current (Itm)

Figure 4.59: Itm with both motors set in tabulated efficiency data

At steady-state, it is approximately equal to 330.399 A, smaller than
those obtained in previous cases but at the same time it is bigger than
value obtained in case where both motors are set in tabulated loss data.
Here, unlike bench motor’s phase current case, current value assumes
positive sign since it represents drawn current.

• Motor shaft rotational speed ω

Figure 4.60: ω with both motors set in tabulated efficiency data

At steady-state, it assumes desired rotational speed value, 500 rad/s
which represents rotational speed command’s value set at beginning
by user to pilot bench motor that is responsible to impose rotational
speed to test motor.
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• Test motor torque Ttm

Figure 4.61: Ttm with both motors set in tabulated efficiency data

At steady-state, it assumes desired torque value since it results to be
more or less equal to torque value command set at beginning by user
to pilot motor under test, approximately 40 Nm.

• Power recirculating effect

Figure 4.62: Pa, Pd with both motors set in tabulated efficiency data

Here, the sum between bench and test motor’s phase current (Ibm,
Itm) is shown. At steady- state its value is approximately equal to
145.6A, smaller than those obtained in all other cases but, at the same
time it is bigger than value obtained in case where both mapped motor
Simulink blocks are set in tabulated loss data.
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• Total demanded current (I)

Figure 4.63: I with both motors set in tabulated efficiency data

Here, sum between bench and test motor phase current (Ibm, Itm) is
shown. At steady- state its value is approximately equal to 145.6A,
smaller than steady-state values obtained in all other cases whose
simulation results are reported in previous subsections but, at the same
time, it is bigger than steady-state value obtained in case where both
motors are set in tabulated loss data.

4.2 Modular Technical model

Once preliminary technical model, described in previous subsections, is com-
pleted in order to highlight in a better way user requirements, modular
technical model tool can be adopted to simplify electrical motor’s test bench
development. This because, MTM tool allows to subdivide development in
modules that can be developed by different designers and/or teams with
different skills in order to reduce development time and in turns costs to
be addressed. This is what happens from one hand but in the other hand
MTM tool requires designers/teams’ higher efforts since each module must be
developed in such a way that it is able to communicate with other modules,
so they need to be constituted of specific interfaces that allow communication
to other modules. During this thesis work to build modular technical model,
Simulink template shown in figure 4.64 has been adopted. Here, five modules
can be distinguished: Environment, Plant, Control, Human-Machine Inter-
face, User. Some of these modules such as Environment, Plant and Control
must be implemented as r eference models, models that are able to work
independently from other ones, while other modules such as Human-Machine
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Interface and User must be implemented as subsystems, models that allows
to arrange in a better way different system parts in order to obtain a more
intelligible model.

Figure 4.64: MTM Simulink template

4.2.1 Environment reference model

This module allows to implement noises, disturbances and loads coming from
external ambient which, for sure, influence plant’s behavior so they have to
be considered for obtaining more realistic results from Simulink simulation.
In this case, this module includes noises’ model that influence sensors used
in plant to measure interesting parameters such as rotational speed, torque
and current. In figure 4.65 model implemented inside this module is shown.
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Figure 4.65: Environment’s reference model

Here, noises are modeled using signal generator Simulink blocks that
need different parameters to be parametrized. To know needed parameters to
be defined in MATLAB script a double click on Simulink block is sufficient
so that block parameters’ window opens (figure 4.66).

Figure 4.66: Torque sensor noise’s block parameters window

In this case, square and Use simulation time from "wave form” and "time”
drop-down menus are chosen such that signal generator signal Simulink
blocks implement a square wave that lasts for all simulation time. Then,
other parameters such as amplitude and frequency have to be defined in
order to implement signals with desired characteristics. These parameters
are defined considering sensor’s datasheets below reported.
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• Torque sensor HBM T40B

Figure 4.67: Torque sensor HGM T40B datasheet

Here, accuracy section must be considered to obtain amplitude value.
Since to implement final built-up electrical motor test bench, a torque
sensor whit 500 Nm nominal torque is needed an accuracy of 0.05 must
be selected. Instead, to obtain frequency value to be set, datasheet’s
output frequency section must be considered where 10 kHz value can
be read and set in MATLAB script.
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• Current sensor DHR 300 C420

Figure 4.68: Current sensor DHR 300 C420 datasheet

Here, accuracy sensor is declared to be smaller than ±1 % of rated
current and since current sensor with 300A rated current has to be
considered to build-up final physical system, accuracy’s value to be
considered for modelling sensor is ± 3 A. Instead, frequency is declared
between 20 and 6000 Hz and since to model sensor it is better to
consider the worst case a frequency of 6kHz has been considered.
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• Round per minute measurement system

Figure 4.69: Round per minute measurement system datasheet

In “ICE Test Bench Upgrading For Hybrid and Electrical Powertrain”
thesis, accuracy of this system is declared to be equal to +-1rpm. For
this reason, corresponding signal generator amplitude is set equal to
1. Instead, for frequency value 10 kHz is chosen in order to have a
disturbance that changes its value quickly.

In figure 4.70 corresponding MATLAB script is shown where all needed
variables to parametrize signal generator Simulink blocks implemented inside
Environment reference model are defined.
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Figure 4.70: Environment reference model’s MATLAB script

4.2.2 Plant reference model

This module is implemented as reference model so that it is able to work
independently from rest parts. Here, plant’s model to be controlled is imple-
mented which is constituted of two mapped motor Simulink blocks connected
each other by means motor shaft and sensors used to measure interesting
parameters during testing. Implemented model inside Plant reference model
is shown in figure 4.71.

Figure 4.71: Plant reference model

On the left model’s side, three different inputs are modelled that represent
interface through which plant is able to communicate to other parts (refence
model or subsystem) such as Environment, Control and User.

• first input
It represents interface by means plant is able to communicate to Envi-
ronment reference model, before described. From it, plant receives noise
signals characterizing adopted sensors whose models are implemented
on the right part.
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• second input
It represents interface by means plant is able to communicate to user
subsystem but, since in this case user and plant do not exchange signals
each other they are connected each other through which a discrete
delay Simulink block that allows to avoid algebraic loop errors during
simulations.

• third input
It represents interface by means plant is able to communicate to Control
reference model. From it, plant receives below listed signals.

– bench motor torque command signal
It represents used signal to pilot bench motor coming out form
control law implemented inside Control Logic refence model (ana-
lyzed in subsection 4.2.3.1) that is able to evaluate this signal on
the basis of rotational speed value set at beginning by user and
on the basis of rotational speed value coming from feedback path.

– test motor torque command signal
It represents used signal to pilot test motor coming out from
control law implemented inside Control Logic reference model on
the basis of initial torque value set by user.

– bench motor battery voltage signal
It represents used signal to set bench motor power supply value.
Since it is a voltage signal coming out from Control reference
model it has to be translated into voltage value to be provided
to bench mapped motor Simulink block. This is done by a gain
implementing a constant that multiplies voltage signal to obtain
corresponding voltage value.

– Test motor battery voltage signal
It represents used signal to set test motor power supply value.
Also in this case, like bench motor battery voltage signal, since it
is a voltage signal coming out form Control reference model it has
to be translated in voltage value to be provided to test mapped
motor Simulink block. This is done by means a gain implemented
to multiply voltage signal for obtaining corresponding voltage
value.

In the middle bench and test mapped motor Simulink blocks, connected
each other by means motor shaft, are implemented. They work exactly in
the same way described in preliminary technical model section. Instead on
the right part, two subsystems are implemented: the first one, on upper
part, is dedicated to sensor models while the second one, on bottom part, is
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dedicated to round per minutes measurements system’s model.

Opening sensor models’ subsystem, scheme shown in figure 4.72 can be
observed where gains, constants and sum Simulink blocks are implemented
to model torque and current sensors.

Figure 4.72: Sensor models subsystem

• Torque sensor HBM T40B

Figure 4.73: Torque sensor Simulink model

Gain allows to convert torque value measured in Nm into voltage value
that has to be added to disturbance coming from Environment reference
model. The result of the sum goes through a saturator Simulink block
that allows to set upper and down limits for voltage signal coming out
from sensor. To define gain value, sensor datasheet shown in figure 4.67
has to be considered where maximum output voltage value is reported
(10 V). So, k_torque gain is computed thinking that when the maximum
torque value measurable by sensor is sensed the maximum voltage value
is emitted. Indeed, it is computed as ratio between maximum voltage
value and maximum torque value. Instead, for setting upper and lower
limits by saturator Simulink blocks maximum and minimum voltage
value that voltage signal can reach at the output of sensor (respectively
10V and -10V) have to be considered.
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• Current sensors DHR 300 C420

Figure 4.74: Current sensor’s Simulink model

To implement this model, sensor datasheet has to be considered which
contains implemented transfer function for measuring current. This
transfer characteristic, shown in figure 4.75, allows to obtain below
reported equation which must be considered to build-up sensor’s model
as before shown.

Figure 4.75: Current sensor’s transfer characteristic

Iout = 4 + 16
300Iin (4.1)

So, k_current gain in previous shown Simulink model is set equal to
16/300 while “current offset” constant is set equal to 4. Saturator block
is implemented to limit current coming out from sensor indeed it is
used to set upper limit equal to 20 mA which represents the maximum
current value acceptable by sensor. The second gain (R _load) is
implemented to model resistance put at sensor’s output that allows to
convert current signal into voltage signals. Resistance value is taken
from datasheet where it is declared smaller that 300 Ω so, in MATLAB
script it is defined equal to 250 Ω.
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Rotational speed is measured by APICOM FR 250 RPM Measurement
System, shown in figure 4.76, which is constituted of a gear wheel having
sixty cogs and an rpm detector that is able to send impulse such that rpm
can be evaluated by means following relation.

RPM =
(P ulse_F requency_in_pulses

sec )x(60 sec
min)

(Sensor_pulses
revolution )

(4.2)

Figure 4.76: APICOM FR 250 RPM measurement system

In Simulink, this system is not modelled since rotational speed values are
already given in rad/ s, so first of all they have to be converted in rpm and
then in voltage signal. To do this, scheme shown in figure 4.77 is implemented
which is constituted of two gains and a sum block: the first gain allows to
convert rad/s into rpm, the second one allows to convert rpm into voltage
values while sum block allows to consider noise coming from Environment
reference model. The value of second gain is computed as ratio between
maximum admitted voltage value and maximum measurable rotational speed
value.

Figure 4.77: RPM measurement system’s Simulink model

Always on the right part of plant reference model, besides the two before
described subsystems an output port is implemented. It represents interface
by means Plant reference model communicates to Control reference model.
Indeed, thanks to it Plant sends to Control below listed signals.
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• Bench motor battery voltage signal
It is a voltage signal used by Plant to communicate to Control reference
model measured voltage value provided to bench motor.

• Test motor battery voltage signal
It represents voltage signal sent by Plant to communicate to Control
reference model measured voltage value provided to test motor.

• Bench motor phase current signal
This is a voltage signal allowing Plant to communicate to Control
reference model measured bench motor’s phase current.

• Test motor phase current signal
It is a voltage signal by means Plant sends to Control reference model
measured test motor’s phase current.

• Torque signal
It is a voltage signal coming out from torque sensor that has to be sent
to Control reference model.

• Rotational speed signal
It represents voltage signal coming out from round per minute mea-
surement system that has to be sent to Control reference model.

Corresponding MATLAB script containing all needed variables to parametrize
Simulink blocks implemented in Plant reference model is shown in figure
4.78.
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Figure 4.78: Plant reference model’s MATLAB script

4.2.3 Control interface refence model

It represents MTM’s part allowing interactions between Control Logic (de-
scribed in subsection 4.2.3.1) and target hardware. These interactions are
allowed including device specifications without affecting control law imple-
mented inside Control Logic reference model to control plant’s behavior on
the basis of what desired by user.
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Figure 4.79: Control reference model

Here, on the left part two different inputs are implemented that represent
interfaces allowing Control reference model to communicate to Plant and
Human-Machine-Interface. Indeed, the first input allows Control to receive
signals coming out from Plant such as bench and test motor battery voltage
signals, bench and test motor phase current signals, torque and rotational
speed signals, while the second one allows Control reference model to receive
signals coming out from HMI such as emergency and on/off button signals,
bench motor command signal used to pilot bench motor on the basis of
rotational speed value decided by user, test motor command signal used
to pilot motor under test that is evaluated on the basis of torque value
decided by user, bench and test motor power supply signals that represent
voltage values to be provided to mapped motor Simulink blocks. Among all
these signals there are signals that enter to Control Logic reference model,
positioned on the middle, and other that go directly to outputs positioned
on the right part. Indeed, between all signals coming from Plant (input 1)
only rotational speed signal goes to Control Logic refence model while all
other go directly to output 1 that represents interface that allows Control
reference model to send signals to HMI subsystem. Instead, between all
signals coming from HMI (input 2) only bench and test motor power supply
signals go directly to output 2 that represent interface that allows Control
reference model to send signals to Plant while all other go to Control Logic
reference model. In case of signals going directly to outputs discrete delay
block is implemented to avoid algebraic loop errors during simulation due to
the fact that signals constantly update their values. Instead in case of signals
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that go to Control Logic reference model, Analog to Digital Converters
(ADCs) are implemented to discretize signals since Control Logic works
only with digital signals. They are implemented using discrete filter and
quantizer: the first one allows data averaging since sensors produce high
changes in output values that is unacceptable for Control Logic inputs while
the second one allows to pass from large to small values’ set and to set ADCs’
quantization. Quantization parameters is set by means MATLAB script on
the basis of maximum voltage values entering to ADCs. Instead in Control
Logic outputs, Digital to Analog Converters (DACs) are implemented since
an inverse conversion is needed to be performed. This because signals coming
out from Control Logic are digital and they have to be sent to plant or HMI
where only analog signals are acceptable, so digital to analog conversion is
needed. Also in this case, quantizer and discrete filter blocks are used but
this time discrete filter is used to implement what is called reconstruct filter
whose goal is reconstructing original analog signal starting from digital signal
while quantizer block is used for the same reason for which it is used in ADC
case. The DACs are not implemented in cases of LED signals (green and
red signal) because they are sent to dashboard LEDs that work with digital
signal, so in that case conversion is not needed.

Before to run Simulink reference model for performing simulation, cor-
responding MATLAB script has to be run. This scrip, shown in figure
4.80, contains all needed variables to parametrize Simulink blocks used to
implement model.

Figure 4.80: Control reference model’s MATLAB script
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4.2.3.1 Control Logic reference model

Inside this reference model, control law that controls and manages plant’s
behavior is implemented in such a way that user requirements are satisfied.
It works only with discrete signals and manages bench and test torque
commands to pilot mapped motor Simulink blocks implemented inside Plant
reference model. These commands must be evaluated on the basis of rotational
speed and torque values set at beginning by user.

Figure 4.81: Control logic reference Simulink model

Here, on the left part five inputs are implemented which represent in-
terfaces by means Control Logic communicates to Control refence. Indeed,
by means these inputs Control Logic receives signals coming from Control
interface reference model such as rotational speed signal, emergency and
on/off button signals and bench and test motor torque command signals.
Instead, on the right part four outputs are implemented that allow Control
Logic to send signals to Control interface such as green and red signals that
must be sent to dashboard LEDs and bench and test torque command that
have to be sent to Plant. In the middle four below list and described tasks
are implemented using control logic Stateflow tool to define control law to be
used by ECU to control and manage plant’s behavior on the basis of what
desired by user.
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• Emergency task

Figure 4.82: Emergency task’s Simulink Stateflow

It allows user to stop system by an opportune dashboard switch in
case something goes wrong during test. Here, two states are imple-
mented: EMERGENCY_OFF that represents initial state during which
emergency variable is set equal to 0 and EMERGENCY_ON that is
responsible to set emergency variable equal to 1. To switch from initial
to second state or vice versa, defined conditions over arrows connecting
two states have to be verified: em_switch == 1 which means that
switch from initial state to EMERGENCY_ON state happens when
emergency dashboard switch is toggled from 0 to 1 while inverse switch
happens when em_switch == 0 condition is verified which means
that to have switch from EMERGENCY_ON to EMERGENCY_OFF
emergency dashboard switch has to be toggled from 1 to 0.

• Supervisor task

Figure 4.83: Supervisor task’s Simulink Stateflow

It allows the user to pilot and check system’s behavior by using dash-
board pushbutton and LEDs. It is constituted of below listed states.

– OFF state
It represents initial state, set at beginning when system is not
working and user is not using dashboard. Thanks to this state
red, green and supervisor signals are set equal to 0 and nothing
happen until [button == 0]{flag = 1; } condition is verified. This
means that until on/off dashboard button is not pushed by user,
task state does not change and no change happens ({flag = 1; }).
State’s change happens when [flag == 1&&duration(button ==
1) > 0.01&&emergency == 0]{flag = 0; } condition is verified
which means that change happens when on/off pushbutton is
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pushed by user for a duration greater than 0.01s and emergency
switch state remains always 0. At this point some change is verified
({flag = 0; }) and task state switches from OFF to ON.

– ON state
Once task state switch in ON, red signal remains set equal to 0
while green and supervisory signals will be set equal to 1 such that
green dashboard LED will switch on and TASK BM_TrqCmd and
TASK TM_TrqCmd are activated. This task state can change
returning in OFF or switching in EMERGENCY on the basis
of what happens. Indeed, if [(flag == 1&&duration(button ==
1) > 0.01)]{flag = 0; } condition is verified, task state return
to OFF which means that if any variation happens and on/off
dashboard button is pushed for a duration greater than 0.01s,
task state switches from ON to OFF while if [emergency == 1]
condition is verified, which means that emergency dashboard
switch has to be toggled from 0 to 1, task state switches from
ON to EMERGENCY. This state does not change if [button ==
0]{flag = 1; } condition is verified which means that task state
does not change if on/off dashboard button is not pushed.

– EMERGENCY state
Once [emergency == 1] condition is verified, task state switches
from ON to EMERGENCY where red signal will be set equal to 1
in order to switch on red dashboard LED and green signal will be
set equal to 0 in order to switch off green dashboard LED. This
task state changes when [emergency == 0] condition is verified
which means that emergency dashboard switch has to be toggled
from 1 to 0. At that point task state return to be OFF in which
red, green and supervisory signals return to be equal to 0.

• Bench motor torque command task

Figure 4.84: BM_TrqCmd_task’s Simulink stateflow

It allows to evaluate torque command to be used for piloting bench mo-
tor on the basis of user’s desired rotational speed value. It is constituted
of below listed states.
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– BM_CONTROLLER_OFF state
It represents task state active when supervisor signal is set equal
to 0, so when system does not work. In this state, bench motor
torque command is set equal to 0 (bm_trqcmd = 0) such that
bench motor is kept stopped. When [supervisory == 1] condition
is verified, upervisor signal switch from 0 to 1, task state switches
from BM_CONTROLLER_OFF to BM_CONTROLLER _ON.

– BM_CONTROLLER_ON state

Figure 4.85: BM_CONTROLLER_ON state’s Simulink model

This state is used once [supervisory == 1] condition is verified
since at that point bench motor must be piloted by a torque
command that has to be computed on the basis of user’s desired
rotational speed value. Here, on the left part two inputs are imple-
mented to receive bench motor command signal (bm_command
_signal) carrying rotational speed value set by user and rota-
tional speed signal (w) carrying rotational speed value coming
from feedback path. bm _command_signal goes through a gain
in order to convert voltage signal into rad/ s signal and then it
goes through discrete filter to perform data averaging since PID
controller does not accept high changes in input variable. Instead,
w signal goes through two gains: the first one allows conversion of
voltage signal, coming out from round per minute measurement
system, into rpm signal while the second one allows conversion
of rpm in rad/s. Once conversions are done, the two obtained
results can be added each other to obtain error that has to enter
to PI controller block. On the basis of this error PI controller is
able to evaluate bench motor torque control signal needed to be
provided for obtaining desired rotational speed value at motor
shaft’s output in order to have an error equal to zero. This task
state changes once [supervisory == 0] condition is verified, su-
pervisory signal switches from 1 to 0, and at that point task state
returns to BM_CONTROLLER_OFF state.
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• Test motor torque command task

Figure 4.86: TM_TrqCmd_task’s Simulink model

It allows to evaluate torque command to be used for piloting test motor
on the basis of user’s desired torque value. It is constituted of below
listed states.

– TM_CONTROLLER_OFF state
It represents task state active when supervisor signal is set equal
to 0, so when system does not work. This state sets test motor
torque command equal to 0 (tm_trqcmd=0) so that test motor
is kept stopped. When [supervisory == 1] condition is verified,
supervisor signal switches from 0 to 1, task state switches from
TM_CONTROLLER_OFF to TM_CONTROLLER_ON.

– TM_CONTROLLER_ON state

Figure 4.87: TM_CONTROLLER_ON state’s Simulink

This state is considered once [supervisory == 1] condition is
verified since at that point test motor has to be piloted by torque
command that has to be evaluated on the basis of torque value set
by user. Here, on left part a single input is implemented in order
to receive test motor command signal (tm_command_signal)
carrying torque value set by user. This is a voltage signal going
through a gain in order to be converted into Nm signal that
represent discrete filter’s input signal such that data averaging
is performed and high changes in output signal (tm _trqcmd)
are avoided. This task state changes when supervisory signal
is switched from 1 to 0. At that point task state return to be
TM_CONTROLLER _OFF.
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Inside Control Logic model besides what before described, two different
switches are implemented that allow to set equal to 0 bench and test motor
torque command once emergency signal becomes equal to 1 so, when user
toggles emergency dashboard switch from 0 to 1. This allows to stop system
in cases something wrong happens, and it is better to stop system in order
to avoid serious problem for plant elements.

To parametrize all block used for implementing this reference model, a
MATLAB script containing all needed variables has to be implemented and
run before to start running Simulink model.

Figure 4.88: Control Logic reference model’s MATLAB script

4.2.4 Human-Machine-Interface subsystem

It allows the user to send command to plant and monitoring what happens
while system works. This part is implemented as subsystem that allows to
have a better elements’ arrangement such that a more intelligible model is
obtained. This reference model, whose scheme is shown in figure 4.89, is
constituted of two inputs that represent interfaces by means HMI is able
to receive signals from Control reference model and from User subsystem.
Indeed, the first input allows HMI to receive height signals coming from
Control reference model such as bench and test motor battery voltage signals
that are connected to displays that allow user to check whether two motors
are provided by right voltage value (the one set at beginning by user), bench
and test phase current signals coming from current sensors, torque signal
coming from torque sensor, rotational speed signal coming from rounds per
minute measurement system and green and red signals connected to displays
in order to allow user to check their status (1 means LED on while 0 means
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LED off). Instead, the second input allows HMI to receive signals from User
subsystem such as bench and test motor power supply values that have to
be sent to plant to set properly inverters that provide motors.

Figure 4.89: HMI’s Simulink model

Here, signal_to_parameters subsystem is implemented to convert voltage
signals coming out from Control reference model into user interesting param-
eters such as bench and test motor phase currents, torque and rotational
speed. Inside this subsystem model shown in figure 4.90 is implemented
where in the first two rows inverse relation considered in current sensor
model case, below reported, is implemented that allows to compute current
values starting from voltage signals coming out from current sensors. Before
to apply this relation, voltage signals coming out from current sensors must
be translated in current signals. For this reason, a gain whose value is defined
as the inverse of current sensor’s output resistance is implemented.

Iin = (Iout − 4) ∗ 300
16 (4.3)

The same thing happens in torque and rotational speed signals case since
they are voltage signals coming out from torque sensor and rounds per minute
measurement system that have to be converted into Nm and rpm values.
These conversions are done by gains whose values are computed as ratio
between maximum measurable torque and rpm values and the maxim voltage
values that can be provided at the output of corresponding sensor. These
values have to be defined in corresponding MATLAB script.
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Figure 4.90: Signal_to_parameters subsystem Simulink model

Then, cmd_to_signal subsystem is implemented to convert bench and
test motor commands, carrying rotational speed and torque values to be
considered for piloting bench and test motors (computed by subsystems
reported on bottom part of HMI’s model on the basis of what is desired
by user), in voltage signals to be sent to Control reference model. The
same thing happens for bench and test motor power supply values. This,
as shown in figure 4.91, is done by gains whose values are computed as
ratio between voltage signals’ peak value and the maximum reachable value
of corresponding parameters (bench motor rotational speed command, test
motor torque command, bench motor power supply, test motor power supply).

Figure 4.91: Cmd_to_signal subsystem’s Simulink model

On right part (figure 4.89), two output ports are implemented: the first
one represents interface by means HMI reference model sends signals to
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Control interface reference model while the second one represents interface
by means HMI is able to send signals to User subsystem (in this case it is not
used). Among signals sent to Control reference model there is: emergency and
on/off button signals that are digital signal because they can assume either
0 or 1 as value coming out from constant blocks linked to dashboard switch
and push button, bench and test motor command signals and bench and
test power supply signals. Instead, on bottom part, four other subsystems
are implemented by means user is able to perform a different test to test
motors. This because, user requires an electrical motors’ test bench by means
electric motors can be tested both for a specific selected working point and for
obtaining their torque curves and 3D maps (efficiency 3D map and dissipated
power 3D map).

Observing Speed-Torque plane, shown in figure 4.92, different working
points can be selected that can be selected by means a pair of rotational
speed and torque values. User would like to have the chance to test motors
in different ways: selecting a single working point, selecting a single torque
value and different rotational speed values in order to consider different
working points and obtaining torque curves, selecting different torque and
different rotational speed values in order to cover all admissible w-T plane and
obtaining 3D maps, selecting different torque values and different rotational
speed values for reaching working point where motor works at nominal power
which is defined by nominal rotational speed value and nominal torque value.

Figure 4.92: ω − T plane

So, different tests can be performed to evaluate test motor characteristics
and for this reason inside HMI subsystem, on bottom part, four subsystems
are implemented by means user can choose the test to be performed.
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• Single working point test

In this scenario, user must define a single torque and a single rotational
speed value in order to select working point to be considered for
evaluating test motor characteristics. To perform this kind of test, user
must uncomment Single_working_point subsystem and comment out
other three subsystems. This subsystem contains model shown in figure
4.93 that is constituted of two subsystems: bm_cmd3 and tm_cmd3.

Figure 4.93: Single_working_point subsystem’s Simulink model

bm_cmd3 subsystem is intended to evaluate bench motor command and
it is constituted of a single input and a single output. Input represents
rotational speed value set by user to pilot bench motor and it is directly
connected to the output since it does not need any operation to become
a bench motor command.

Figure 4.94: bm_cmd3 subsystem’s Simulink model

Instead, tm_cmd3 subsystem is intended to evaluate test motor com-
mand and it is constituted of a single input representing torque value
defined by user to pilot test motor and a single output representing test
motor command to be sent to Control reference model after conversion
in voltage signal. They are connected directly each other since input
does not need any transformation to become test motor command.
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Figure 4.95: tm_cmd3 subsystem’s Simulink model

To perform this test, user must define needed variables in corresponding
MATLAB script and run it before to start simulation so that they
are load on MATLAB workspace and Simulink blocks can use them
to be parametrized during simulation. Before to run MATLAB script,
user must define some parameters’ value such as w_increasing and
T_increasing that represents respectively rotational speed and torque
values to be considered for selecting working point to be considered
for performing test, T_sim representing simulation time and sample
that represents sample time to be considered for storing interesting
variables to be considered for computing desired motor parameters and
characteristics.

Figure 4.96: Single working point’s MATLAB script

• Nominal power working point
In this case, the goal is reaching the working point in which motor
works at nominal power. This means that working point to be reached is
the one corresponding to nominal rotational speed and nominal torque
values that are reached increasing time by time both rotational speed
and torque values. To perform this kind of test, user must uncomment
Nominal_power_working_point subsystem and comment out other
three subsystems. This subsystem contains model shown in figure 4.97
that is constituted of two subsystems: bm_cmd2 and tm_cmd2.
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Figure 4.97: Nominal_power_working_point subsystem’s Simulink model

bm_cmd2 subsystem is intended to evaluate bench motor command and
it is constituted of a single output representing rotational speed value to
be considered for piloting bench motor. Since minimum and maximum
rotational speed values are known user can define an increment to
be considered for moving along rotational speed axis and selecting
new working point where evaluating test motor characteristics. This
increment can be computed as ratio between nominal rotational speed
value and rotational speed values’ number to be considered to move from
initial to final rotational speed value. It can be used to compute time
by time new working point since it can be added to previous rotational
speed for obtaining new rotational speed value to be considered for
selecting new working point. In Simulink this logic is implemented by
means model shown in figure 4.98 where a sum block is implemented
with an input port connected to a constant block (computed increment)
and other input connected to discrete delay’s output. Discrete delay’s
output value changes each time a time delay is expired such that every
time rotational speed value to be considered for computing bench motor
command is computed as the sum between previous rotational speed
value and rotational speed increment. Time delay is defined by user on
the basis of transient phase that characterizes interesting parameters’
trend (time needed to reach steady- state value). Sum Simulink block’s
output represents bench motor command that must be sent to Control
reference model after being converted in voltage signal. Moreover,
discrete delay’s output is defined by means an external port which
is connected to product block’s output port that allows to compute
increment opposite value such 0 rad/ s is the first rotational speed
value considered to select a working point.
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Figure 4.98: bm_cmd2 subsystem’s Simulink model

Instead, tm_cmd2 subsystem is intended to evaluate test motor com-
mand and it is implemented in the same way of bm_cmd2 subsystem.
But, this time instead of considering rotational speed, torque is consid-
ered to evaluate test motor command that has to be sent to Control
refence model after being converted in voltage signal. Indeed, also in
this case an increment is defined to move along torque axis for selecting
new working point. This increment is defined as ratio between nominal
torque value and torque values’ number to be considered to move from
initial to final torque value. It can be used to compute time by time
new working point since it can be added to previous torque value to
obtain new torque value to be considered for selecting new working
point. In Simulink, this is implemented by means model shown in figure
4.99 that is the same to that described in bm_cmd2 case.

Figure 4.99: tm_cmd2 subsystem’s Simulink model
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To parametrize Simulink blocks implemented in Nominal_ power_
working_point subsystem a MATLAB script, containing all needed vari-
ables, has to be defined and run in order to load parameter values into
MATLAB workspace. Among all these variables there is w_increasing
and T_increasing which represent respectively rotational speed and
torque increment defined as before described, delay_T representing
time delay to be considered for discrete delay implemented in tm_cm2
subsystem whose value is decided by user, delay_w that represents time
delay to be considered for discrete delay implemented inside bm_cmd2
subsystem whose value is defined in function of delay_T, number of
rotational speed and of torque values, sample defining sample time to
be considered for ToFile Simulink blocks used to store interesting vari-
ables and T_sim that represents simulation time duration computed
as function of delay_T and number of torque values considered for
performing test.

Figure 4.100: Nominal power working point’s MATLAB script

• Torque curves test

In this scenario, user must define a single torque value and a vector of
rotational speed values in order to select different working points for
which evaluating test motor behavior and characteristics. To perform
this kind of test user must uncomment Torque_curves subsystem and
comment out other three subsystems. This subsystem contains model
shown in figure 4.101 that is constituted of two different subsystems:
bm_cmd1 and tm_cmd1.
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Figure 4.101: Torque curves subsystem’s Simulink model

bm_cmd1 subsystem is intended to evaluate bench motor command
and it is constituted of a single output representing rotational speed
value to be considered for evaluating bench motor command signal.
Since minimum and maximum rotational speed values are known user
can define an increment to be considered for moving along rotational
speed axis and selecting new working point where evaluating test motor
characteristics. This increment can be computed as ratio between
maximum and minimum rotational speed value difference and rotational
speed values’ number to be considered to move from initial to final
rotational speed value. It can be used to compute time by time new
working point since it can be added to previous rotational speed for
obtaining new rotational speed value which corresponds to new working
point. In Simulink, this logic is implemented by means model shown
in figure 4.102 where sum block is implemented with an input port
connected to a constant block (rotational speed increment) and other
input connected to discrete delay’s output whose value changes each
time a time delay is expired in order to compute rotational speed value
as sum between previous rotational speed value and rotational speed
increment. Time delay is defined by user on the basis of transient phase
that characterizes interesting parameters’ trend (time needed to reach
steady-state value). Sum Simulink block’s output represents bench
motor command that must be sent to Control reference model after
being converted in voltage signal. Moreover, discrete delay’s initial
output is defined by means an external port which is connected to
product block’s output port that allows to compute increment opposite
value such 0 rad/s is the first rotational speed value considered to select
a working point.
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Figure 4.102: bm_cmd1 subsystem’s Simulink model

Instead, tm_cmd1 subsystem is intended to evaluate test motor com-
mand and this time it is constituted of a more complex model. Indeed,
this time on right part Switch Simulink block is implemented that
allows to select torque value to be considered for selecting working
point. This because two different working areas in ω − T plane can be
distinguished: constant torque working area in which motor works at
constant torque value and constant power working area where motor
works at constant power. Switch from one area to other one happens at
nominal rotational speed and at that point test motor torque command
must be computed in such a way that its power remains constant. In
Simulink model, condition to switch from one area to other one is set by
a GreaterThan Simulink block that allows to compare rotational speed
value read by rounds per minute measurement system and w_change
that represents rotational speed value at which motor working condition
must change and once switch happens test motor torque command is
computed dividing the result of product between considered torque
value and w_change for rotational speed sensed by rounds per minute
measurement system that must be converted in rad/s.
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Figure 4.103: tm_cmd1 subsystem’s Simulink model

To parametrize Simulink blocks implemented inside Torque_curves sub-
system a corresponding MATLAB script has to be defined and run be-
fore to start Simulink simulation in order to load variables in workspace.
Among all variables to be defined there are w_eff_bp_vec_bench and
w_eff_bp_vec_test representing rotational speed values’ vector to
evaluate bench and test motor power loss matrix, w_sampling repre-
senting number of rotational speed values to be considered during test,
w_increasing representing rotational speed increment, T _increasing
representing torque value to be considered for performing test, w_n
_test representing test motor nominal rotational speed, delay_w that
defines for how long test motor must be tested in each working point,
sample representing sample time to be considered for ToFile Simulink
blocks used to store interesting variables.

Figure 4.104: Torque curves’ MATLAB script
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• 3D maps tests

In this case, test motor’s behavior has to be evaluated in entire coverable
area of ω − T plane so, a very huge number of working points has
to be considered. For this reason, both torque and rotational speed
values time by time have to be changed in order to select working
points belonged to entire coverable ω − T plane area and test motor
characteristics can be evaluated. Usually, to do this a constant torque
value is considered and time by time rotational speed value is increased
until its maximum value is reached. At that point, torque value has
to be increased and the same procedure for rotational speed value has
to be reaped again in order to select other working points and test
motor characteristics can be evaluated. Test must be stopped once
maximum torque value is reached to avoid mechanical and electrical
problems for electric motor under test. To perform this kind of test user
must uncomment 3D_maps subsystem implemented on the bottom
part of HMI subsystem and comment out other three subsystem. This
subsystem contains model shown in figure 4.105 and it is constituted
of two subsystems: bm_cmd0 and tm_cmd0.

Figure 4.105: 3D_maps subsystem’s Simulink model

bm_cmd0 subsystem is intended to evaluate bench motor command
and it is constituted of a Switch Simulink block which allows to select
rotational speed value to be considered for evaluating bench motor
torque command. This because rotational speed value has to increase
until to reach its maximum value and once it is crossed rotational
speed value has to set equal to initial rotational speed value (0 rad/s).
Switch condition is set by means GreateThan Simulink block that
allows to compare rotational speed value sensed by rounds per minute
measurement system and w_max that represents maximum rotational
speed value that can be considered for testing electric motor under test.
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Since minimum and maximum rotational speed values are known user
can define an increment to be considered for moving along rotational
speed axis and selecting new working point where evaluating test motor
characteristics. This increment can be computed as ratio between
maximum and minimum rotational speed value difference and rotational
speed values’ number to be considered to move from initial to final
rotational speed value. It can be used to compute time by time new
working point since it can be added to previous rotational speed for
obtaining new rotational speed value which corresponds to new working
point. In Simulink, this logic is implemented by means model shown
in figure 4.106 where sum block is implemented with an input port
connected to a constant block (rotational speed increment) and other
input connected to discrete delay’s output whose value changes each
time a time delay is expired in order to compute rotational speed value
as sum between previous rotational speed value and rotational speed
increment. Time delay is defined by user on the basis of transient phase
that characterizes interesting parameters’ trend (time needed to reach
steady-state value). Sum Simulink block’s output represents bench
motor command that must be sent to Control reference model after
being converted in voltage signal. Moreover, discrete delay’s initial
output is defined by means an external port which is connected to
product block’s output port that allows to compute increment opposite
value such 0 rad/s is the first rotational speed value considered to
select a working point while delay reset is implemented by means a
pulse generator that each time maximum rotational speed value is
reached allows to reset delay block. This is done taken into care how
log each rotational speed value lasts to stay in specific working point
and evaluating test motor’s characteristics.

Figure 4.106: bm_cmd0 subsystem’s Simulink model
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Instead,tm_cmd0 subsystem is intended to evaluate test motor com-
mand and this time it is constituted of a more complex model. Indeed,
this time on right part Switch Simulink block is implemented that
allows to select torque value to be considered for selecting working
point. This because two different working areas in ω − T plane can be
distinguished: constant torque working area in which motor works at
constant torque value and constant power working area where motor
works at constant power. Switch from one area to other one happens at
nominal rotational speed and at that point test motor torque command
must be computed in such a way that its power remains constant.
In Simulink model, condition to switch from one area to other one
is set by a GreaterThan Simulink block that allows to compare rota-
tional speed value read by rounds per minute measurement system
and w_change that represents rotational speed value at which motor
working condition must change and once switch happens test motor
torque command is computed dividing the result of product between
considered torque value and w_change for rotational speed sensed by
rounds per minute measurement system that must be converted in
rad/s. When motor stays in constant torque working area, torque value
to be considered for computing test motor torque command is com-
puted by a Sum Simulink block that allows to sum torque increment,
computed as ration between maximum and minimum torque value
difference and torque values’ number to be considered to test motor,
and discrete delay’s output whose value changes each time a time delay
is expired in order to compute torque value as sum between previous
torque value and torque increment. Time delay is defined by user on
the basis of transient phase that characterizes interesting parameters’
trend (time needed to reach steady-state value). Sum Simulink block’s
output represents bench motor command that is connected to Switch
Simulink block. Moreover, discrete delay’s initial output is defined by
means an external port that is connected to a Constant Simulink block
whose value is defined by user through corresponding MATLAB script
(initial_condition_delay) such that user is able to decide whether 0Nm
value has to be considered to select working points or not.
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Figure 4.107: tm_cmd0 subsystem’s Simulink model

To parametrize all Simulink blocks implemented inside 3D_maps sub-
system a corresponding MATLAB script must be defined and run
before to start Simulink simulation such that all variables are load
into workspace and Simulink blocks can use them. Among all needed
variables there are: w_eff_bp_vec_bench and w_eff_bp_vec _test that
represent vectors containing rotational speed values considered to eval-
uate bench and test motor power and efficiency matrices, w_sampling
defining how many rotational speed values have to be considered be-
tween minimum and maximum rotational speed values during test,
w_increasing that represents rotational speed increment, T_sampling
that defines how many torque values must be considered during test
between minimum and maximum torque values, T_eff_bp_vec_bench
and T_eff_bp_vec_test that represent vector containing torque values
considered to evaluate bench and test motor power and efficiency
matrices, w_n _bench that represent bench motor nominal rota-
tional speed, w_n_test that represents test motor nominal rotational
speed, w_change that represents rotational speed value at which motor
switches from constant torque working area to constant power work-
ing area, delay_w and delay_T that represents time duration to be
considered for each rotational speed and torque value, pulse _genera-
tor_period and pulse_generator_phase_delay that represent variables
to parametrize pulse generator block used to reset discrete delay of
bm_cm0 subsystem, initial_condition_delay that represents initial
output value of discrete delay implemented in tm_cmd0 subsystem,
sample representing sample time to be considered for ToFile Simulink
block used to store interesting variables, T_sim that defines simulation
time.
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Figure 4.108: 3D maps’ MATLAB script

4.2.5 User subsystem

It contains model shown in figure 4.109 including all user actions to be
performed for starting to use system. Since user could need to send signals
both to Plant reference model and to Human-Machine-Interface subsystem,
two output ports are implemented in order to model interfaces by means
User is able to communicate to Plant reference model (user_plant output
port) and to HMI subsystem (user_HMI output port). Then, two input ports
are implemented to model interfaces by means User subsystem can receive
signals form Plant (plant_user input port) and HMI (HMI_user input port).
In this case, since User does not receive signals from Plant reference model
and does not need to send signals to it, plant_user inpurt port and user
plant output port are connected each other by means a discrete delay that
allows to avoid algebraic loop error during simulation while HMI_user input
port is connected to a terminator Simulink block because in this case User
subsystem does not receive signals from HMI subsystem. Output port 1
(user_HMI ) is connected to Mux Simulink block’s output port such that
two signals can be sent to HMI subsystem: bench and test motor’s voltage
power supply values.
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Figure 4.109: User subsystem Simulink model

To parametrize User subsystem a corresponding MATLAB script has to
be defined and run before to start simulation such that variables are loaded
into MATLAB workspace and Simulink blocks can use them. Here, only two
variables are defined: bm_pws and tm_pws which are defined to set voltage
values to be provided respectively to bench and test motor.

Figure 4.110: User subsystem’s MATLAB script

4.3 Dashboard and control panel
Observing MTM template (figure 4.64), two different panes highlighted in
blue on left part are implemented. The one on upper part represents what
is called dashboard which represents physical commands by means user is
able to pilot system while the one on bottom part represents control panel
through which user is able to check system’s behavior while it works. In
dashboard panel different physical components are implemented: on/off
button by means user can start/stop system to work, indeed it is connected
to constant 0 put inside HMI so that when it is pushed constant changes its
value from 0 to 1 such that control law implemented inside Control Logic
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reference model is perturbated and specific action is taken to start or stop
system (on the basis of logic described in section 4.2.3.1); emergency switch
by means user can stop system while it is working when something goes
wrong, indeed it like on/off button case is connected to constant Simulink
block implemented inside HMI subsystem whose initial value is 0 such that
when it is toggled from Off to On state constant value changes from 0 to
1 causing a perturbation in control law implemented inside Control Logic
reference model that is designed in such a way that when that perturbation
happen controller is able to stop system working; green LED and red LED
by means user is able to understand system’s state (working or stopped);
floating scope by means user is able to check sent or received signals by
components implemented in dashboard. Instead, in panel control two floating
scopes are implemented by means user can check signals coming out from
plant and from HMI.

Figure 4.111: Dashboard and Control panel in MTM template
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Chapter 5

System design: model-based testing
Once model is built some tests must be performed to validate it. For doing
this model-based approach establishes three different tests by means designers
can understand whether their considered technical details are able to satisfy
user’s requirements. These three tests are listed and described below.

• MIL testing

MIL stands for Model-in-the-loop and it represents test by which de-
signed controller is tested in development ambient, like Simulink, adopt-
ing plant model. So, in this case both designed controller and plant
models are run in the same development machine to test designed
controller’s behavior.

• SIL testing

SIL stands for Software-in-the-loop and it represents test by which
designed controller’s corresponding C code is tested in development
ambient, like Simulink, using always plant’s model. So, also in this case
both controller’s corresponding C code and plant’s model are run in
the same development machine to check whether obtained controller
C code works properly: obtained results must be the same to those
obtained in MIL testing case.

• PIL testing

PIL stands for Processor-in-the-loop and it represents test where ob-
tained controller’s C code is run in a target hardware (rapid prototyping
hardware) while plant’s model is run in development machine. Here,
controller C code’s behavior is tested inside hardware before to test
system’s performance by using real plant. In this thesis work, this
test is not performed because dSpace (considered rapid prototyping
hardware) implies a very expensive license to perform it that is not
available.
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5.1 MIL testing

To perform this test, MATLAB script containing needed variables to parametrize
all Simulink blocks used to implement MTM, described in chapter 4, has
to be run. This is needed to load all variables into workspace such that
Simulink blocks can use them during simulation for performing computations
and gets results. Once this is done, Simulink model can be run pressing run
pushbutton implemented in “SIMULATION panel” and when simulation
starts user has to press on/off dashboard button to start system working.
On/off dashboard button must be keep pressed for at least 0.01 s until green
LED is switched on. At that point, user can wait for simulation end in order
to obtain interesting variable values stored in .mat file positioned in selected
path.

MATLAB script to be defined and run, shown in figure 5.1, is constituted
of different sections as described in previous chapter: the first section contains
all needed variables to parametrize Simulink blocks implemented inside all
reference models and subsystems and it must be always run to load all
defined variables in MATLAB workspace while the other sections are related
to the four subsystems implemented on bottom part of HMI subsystem so on
the basis of what test user wants to perform (single working point, nominal
power working point, torque curves, 3D maps) corresponding section has to
be run in order to load into MATLAB workspace needed parameters.
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Figure 5.1: MTM’s MATLAB script

Each time a new electric motor has to be tested below listed variables
must be defined by user in the first section of previous reported MATLAB
script.

• w_n_test

• P_m_n_test

• V_n_test

• I_n_test
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• cos_fi_test

• w_max_test

• T_m_max_test

• tau_m_test

• Pl_iron_test

• Pl_eln_test

• w_t_vec_test

• T_t_vec_test

• w_eff_bp_vec_test

• T_eff_bp_vec_test

• losses_table_test

• efficiency_table_test

• tm_pws

While in sections related to variables to be load into MATLAB workspace on
the basis of test to be performed besides to define some of previous variables
below listed must be defined.

• w_sampling

• T_sampling

• T_increasing

• delay_w

• delay_T

• initial_condition_delay

• sample

Once all needed variables are load into MATLAB workspace, Modular-
Technical-Model Simulink file can be open and run in order to start simulation.
At that point on/off dashboard button has to be pressed to start system
and obtain corresponding results. Indeed, at the end in selected path four
.mat files are created containing interesting parameters that can be used
to evaluate test motor mechanical and electrical characteristics. Results for
each kind of test that can be performed are shown below.
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5.1.1 Single working point MIL testing

To perform this kind of test, procedure described in subsection 4.2.4 related
to Single working point test must be adopted to set properly MTM Simulink
model and to load needed variables into MATLAB workspace. At the end
of simulation, four .mat files in selected path, as shown in figure 5.2, are
created: T.mat file containing torque values sensed by torque sensor on
test motor’s shaft, w.mat file containing rotational speed values measured
by rounds per minute measurement system attached to test motor’s shaft,
bm_I_sensor.mat and tm_I_sensor.mat files containing respectively bench
and test motor phase current values sensed by current sensors.

Figure 5.2: Single working point MIL testing path

Once these files have been obtained, single_working_point.m file, whose
MATLAB code is shown in figure 5.3, can be used to obtain desired test motor
mechanical and electrical characteristics related to that considered working
point. Before to run this file, some specific variables have to be defined: V_bm
and V_tm representing voltage values used to provide respectively bench
and test motor Simulink blocks, n representing stored samples’ number for
each interesting parameter, t representing considered simulation time, sample
representing sample time considered for Simulink ToFile blocks implemented
in HMI subsystem to store interesting values,theta_amb and theta_tm_max
representing respectively ambient temperature and maximum reachable test
motor temperature (measured in K), c_tm representing specific heat capacity
that is evaluated on the basis of used materials to build test motor (measured
in J/(K kg)), m_tm representing test motor weight (measured in kg).
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Figure 5.3: Single_working_point.mÍs MATLAB script

Once this is done, MATLAB single_working_point.m script can be run to
obtain results below shown (figure 5.4) where test motor is tested considering
the working point that corresponds to intersection between 20 Nm and 366.52
rad/s in ω˘T plane. Chosen torque value is used to pilot test motor while
chosen rotational speed value is used to pilot bench motor.
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Figure 5.4: Single working point results in system design phase MIL testing
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5.1.2 Nominal power working point MIL testing

To perform this test, procedure described in subsection 4.2.4 related to
Nominal power working point test must be adopted to set properly MTM
Simulink model and to load needed variables in MATLAB workspace. At the
end of simulation, the same .mat file described in previous case are generated
inside selected path that can be used to obtain desired test motor mechanical
and electrical characteristics related to working points covered during testing.
To obtain these desired characteristics nominal_power_working_point.m
file, shown in figure 5.6, can be used where the same variables described in
previous case have to be defined before to run MATLAB script.

Figure 5.5: Nominal_powe_working_point.mÍs MATLAB script

Running this MATLAB file, results shown in figure 5.7 can be obtained.
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Here, rotational speed and torque values increase with a step trends until
their nominal values are reached (523.6 rad/s and 20 Nm). Each step lasts
25 s that is equal to user considered delay value to change used rotational
speed and torque values to pilot bench and test motor. For each pair of
rotational speed and torque values a working point is defined and for it test
motor characteristics are computed. Here, a very interesting parameter to
be considered is reached temperature once nominal power working point is
selected (last step). In that point, reached temperature is 319.86 K (about
47 °C) so it is far from acceptable maximum temperature value (453.15 K,
about 180 °C).

Figure 5.6: Nominal power working point results in system design phase MIL
testing
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5.1.3 Torque curves MIL testing

To perform this test, procedure described in subsection 4.2.4 related to Torque
curves test must be adopted to set properly MTM Simulink model and to
load needed variables in MATLAB workspace. In this case, like previous
ones, at the end of simulation the same four .mat files are created in selected
path that can be adopted to evaluate desired test motor torque curves. To
obtain these, Torque_curves.m file shown in figure 5.6 must be used where
besides to define the same variables considered in previous cases, T_test
variable must be defined that represents torque value considered to pilot
electric motor under test.

Figure 5.7: Torque_curves.mÍs MATLAB script

Running this MATLAB file, results shown in figure 5.8 can be obtained.
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Here, in the first graph efficiency, motor shaft power and torque trends
are shown while in second graph temperature trend is shown by means
test motor’s temperature can be taken under control (it is very important
that it does not overcome maximum admissible value to avoid problems
with electrical circuits implemented inside), and in third graph absorbed
and dissipated power trends are shown in order to check whether power
recirculating effect is verified or not.

Figure 5.8: Torque curves results in system design phase MIL testing
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5.1.4 3D maps MIL testing

To perform this test, the procedure described in subsection 4.2.4 related
to 3D maps test must be adopted to set properly MTM Simulink model
and to load all needed variables into MATLAB workspace. Also in this case,
like all the previous cases, at the end of simulation in selected path four
.mat files are generated containing interesting parameter values that can be
used to obtain desired test motor 3D efficiency and dissipated power maps
and electric and mechanical characteristics related to all working points
considered during test. To do this, at the end of simulation maps.m file can
be used to obtain desired efficiency and dissipated 3D maps. Here, besides
to define all variables described in the first case, some parameters have
to be defines such as: T_sampling representing considered torque values’
number for selecting all desired working points, w_sampling representing
considered rotational speed values’ number to select desired working points,
w_eff_bp_vec _test and T_eff_bp_vec_test that represent respectively
considered rotational speed and torque.

120



System design: model-based testing

Figure 5.9: 3D_maps.mÍs MATLAB script

Running this MATLAB script, results shown in following figures are
obtained. Here, besides dissipated power and efficiency 3D maps also me-
chanical and electrical characteristics are shown from which all selected
working points to evaluate test motor’s behavior can be distinguished and
for each of them corresponding parameter values can be read. Moreover, also
temperature trend is shown where reached temperature values are shown.
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Figure 5.10: Dissipated power 3D map result in system design phase MIL
testing

Figure 5.11: Efficiency 3D map result in system design phase MIL testing
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Figure 5.12: Test motor parameter trends in system design phase MIL testing
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5.2 SIL testing
This test allows to check corresponding Control Logic C code’s behavior to
understand whether it allows to obtain the same results obtained in MIL
testing case. Here, first of all Control Logic’s C code has to be obtained
and then running it in development machine such as also plant’s model
results have to be obtained in order to compare them to those obtained in
MIL testing case. To obtain Control Logic’s C code, reference model’s block
parameters window must be opened and from Simulation mode drop-down
menu Software- in-the-loop (SIL) must be chosen, as shown in figure 5.13.

Figure 5.13: Control Logic block parameters setting in SIL testing

Once this is done, one of the four possible tests that can be chosen
must be selected setting properly MTM Simulink model and running the
corresponding MATLAB section to load needed parameters in MATLAB
workspace. At that point Simulink model can be run and on/off dashboard
button has to be pressed to start system and obtain both corresponding
Control Logic’s C code and simulation results stored in four .mat file inside
selected path, like MIL testing case. To check C code generation status,
diagnostic viewer window can be opened from Simulink model in order to see
what is shown in figure 5.14 and understand whether Control Logic’s C code
is successfully generated or not. This could be sufficient to understand that
obtained C code works properly but in order to be more precise simulation
results have to be compared to those obtained in MIL testing case.
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Figure 5.14: Diagnostic viewer window in SIL testing
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Here, SIL testing is done considering only 3D maps test, which represents
the most complex test, that can be done with designed model. So, whether
the corresponding Control Logic’s C code works properly in this case for sure
it will work properly in all the other cases. Performing this test, again, the
four .mat files seen in all the other cases are obtained. These files contain
interesting parameter values that can be used to obtain desired test motor
efficiency and dissipated power 3D maps. To do this, the same maps.m file
described in subsection 5.1.4 can be used to obtain the corresponding results
to be compared to those obtained in 3D maps MIL testing case (results
reported in subsection 5.1.4).

Figure 5.15: Dissipated power 3D map in SIL testing
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Figure 5.16: Efficiency 3D map in SIL testing

Comparing these results to those obtained in 3D maps MIL testing case
reported in subsection 5.1.4 it is possible to observe that results are perfectly
equal to each other. This means that obtained Control Logic’s C code works
properly and it is validated. For one more confirmation, test harness can
be performed. To do this Control Logic refence model has to be translated
into subsystem such that treat as atomic unit option from block parameters
window can be check. Once this is done, signals coming out and entering
to subsystem must be logged in order to see their trends over the time. To
store these trends Logging Signal option in model setting must be checked,
and a name and save format must be chosen. In this way, at the end of
simulation in MATLAB workspace a new variable is created (out variable)
containing logged signal values. This variable can be stored in .mat file
digiting save(‘out_SIL’, ‘out’) command in MATLAB command window.
Out_SIL is the name of new .mat file while out is MATLAB workspace
variable to be stored in that file. After this, Control Logic test harness can be
created by right click on Control Logic subsystem and selecting test harness
option from drop-down. Then, create for Control Logic option must be chosen
in order to open a new window from which a name and SIL option from
Verification Mode drop-down menu can be selected as shown in figure 5.19.
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Figure 5.17: Control Logic reference model setting for test harness generation

Once Control Logic test harness is created (figure 5.18), out variable before
stored must be loaded in workspace in order to obtain before logged signals.
This can be done through SIL_signals=out.get(‘SIL_signals’) command
where SIL_signals before equal signal represents name used for creating new
variable in MATLAB workspace while the one in brackets represents variable
to be extracted from out variable. Then, Control Logic input signals have to
be obtained from new defined variable by using command before described.
Among these signals there is w signal, emergency signal, ON_OFF_button
signal, bm _cmd_signal and tm_cmd_ignal. Then, Control Logic test harness
signals must be set through model setting input section while output signals
must be logged in order to store their values and trends. Also in this case
Signal Logging option from Control Logic test harness model setting must
be checked and a name and save format must be defined.

Figure 5.18: Control Logic’s test harness model

Once Control Logic test harness is set, it can be run to obtain a new
out variable into MATLAB workspace that must be stored by means the
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same command before described. At that point, Control Logic subsystem
output signals obtained in test harness case must be compared to those
obtained in MIL testing case to check whether obtained Control Logic’s
C code works properly or not: if output signals are perfectly overlapped
each other, for sure, obtained C code works properly and designer can go
ahead with design procedure, otherwise it must stop and go back for doing
again system design. To perform comparison between MIL Control Logic
output signals and test harness Control Logic output signals, four differ-
ent .m file can be used: green_comparison.mlx file to compare green LED
output signal, red _comparison.mlx file to compare red LED output signal,
bm_trqcmd_comparison.mlx file to compare bench motor command output
signal, tm_trqcmd_comparison.mlx file to compare test motor command
output signal.

In figure 5.21 green_comparison.mlx’s MATLAB script is shown that
allows to obtain results shown in figure 5.22. Here, the two signals result
perfectly overlapped each other so in this output signal case for sure obtained
Control Logic C code works properly.

Figure 5.19: green_comparison.mlx’s MATLAB script

Figure 5.20: MIL and SIL Control Logic green signal comparison
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In figure 5.23 red_comparison.mlx ’s MATLAB script is shown that allows
to obtain results shown in figure 5.24. Also in this case, the two signals result
perfectly overlapped each other so also in this output signal case obtained
Control Logic C code works properly.

Figure 5.21: red_comparison.mlx MATLAB script

Figure 5.22: MIL and SIL Control Logic red signal comparison

In figure 5.25 bm_trqcmd_comparison.mlx’s MATLAB script is shown
that allows to obtain results shown in figure 5.26 where the two signals are
perfectly overlapped each other so also in this output signal case the proper
Control Logic C code operation is verified.
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Figure 5.23: bm_trqcmd_comparison.mlx’s MATLAB script

Figure 5.24: MIL and SIL Control Logic bm_trqcmd signal comparison

In figure 5.27 tm_trqcmd_comparison’s MATLAB is shown that allows
to obtain results shown in figure 5.28. Here, the two signals result perfectly
overlapped each other which means that also in this case obtained Control
Logic C code works in a proper way.
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Figure 5.25: tm_trqcmd_comparison.mlx’s MATLAB script

Figure 5.26: MIL and SIL Control Logic tm_trqcmd signal comparison
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Chapter 6

RCP code production
Once System design phase is completed physical system’s model is obtained
and validated. At that point, Rapid Control Prototyping code production
V-shaped model’s phase has to be performed in order to develop, optimize
and test Control Logic’s C code in real-time by using what is called Rapid-
Control-Prototyping-Platform (RCPP) without manual programming. This is
very useful because in System design phase physical system’s model has been
built in no real-time conditions and before to decide which kind of VMU
has to be chosen to implement final physical system, system’s behavior has
to be verified in presence of real interfaces. So, this time what has to be
changed are interfaces implemented in Control Interface refence model that
allow communication between control law and other parts of system in order
to perform both MIL testing and SIL testing in presence of real interfaces
to verify system model and corresponding Control Logic C code’s behavior.
To do this, before modelled interfaces in Control interface reference model
have to be substituted with new models that allow to simulate behavior of
interfaces implemented in physical hardware. For this reason, dSpace library,
described in 210128 dSPACE_interfaces _documentation file, is adopted
that allows to substitute discrete filters and quantization blocks, described
in subsection 4.2.3, with ADC and DAC blocks as shown in figure 6.1.
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Figure 6.1: Control interface reference model in RCP phase

Opening ADC block, model reported in figure 6.2 can be observed. Here,
three different blocks are implemented to convert analog input signals into
digital signals: the first block is an analog filter that is intended to filter
input voltage signals, the second one is a quantizer block whose quantizer
interval is set on the basis of desired resolution while the third one is a gain
that divides by ten signal values.

Figure 6.2: dSpace ADC blcok model scheme

Instead opening DAC block, model reported in figure 6.4 can be observed
where the same blocks described in ADC block case are implemented. Indeed,
a quantizer block is implemented to set quantization interval on the basis
of desired resolution, a gain that multiplies by ten entering signals and an
analog filter that allows to reconstruct original signal.
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Figure 6.3: dSpace DAC blcok model scheme

Since dSpace ADC blocks divide by ten entering analog signals and dSpace
DAC blocks multiply by ten entering digital signal, two signal conditioning
sections must be implemented to adapt signals entering to Control Logic
reference model and signals coming out from that reference model. Indeed, as
highlighted in figure 6.4, a signal conditioning section is implemented at the
input of Control Logic reference model while the other one is implemented
at the output of Control Logic reference model.

Figure 6.4: Signal conditioning sections in Control Interface reference model

This, obviously, implies a change in Control Data section of MATLAB
script used to parametrize all implemented Simulink blocks in MTM. This
time, indeed, no data must be defined in that section because to implement
dSpace interfaces, slblocks.m and dSPACE _data.mlx files must be run in
order to add dSpace library among all other libraries in Library Browser
section and to load needed parameters for parametrizing those blocks in
MATLAB workspace. In figure 6.5 and 6. slblocks.m and dSPACE_data.mlx
files MATLAB script are shown.
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Figure 6.5: slblocks.m MATLAB script

Figure 6.6: slblocks.m’s MATLAB script
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All parameters to be load into MATLAB workspace to parametrize
dSpace ADC and DAC blocks are listed and described below.

• order
It defines low-pass filter’s order. In this case, since a first order low-pass
filter must be implemented inside ADC blocks it is set equal to 1.

• cut_f_AD
It defines low-pass filter’s cut-off frequency implemented inside ADC
block.

• V_ADC
It defines peck voltage with which ADC can deal. In this case, input
voltage range is set between -10 and 10 V

• N_ADC
It defines ADCs’ resolution since it represents number of bits to be
considered for computing quantization interval.

• quant_AD
It defines quantization interval computed by means relation defined in
MATLAB script

• ADC
It represents gain’s value implemented inside ADC block

• V_DAC
It defines peck voltage with which DAC can deal. In this case, input
voltage range is set between -10 and 10 V.

• N_DAC
It defines DACs’ resolution since it represents number of bits to be
considered for computing quantization interval.

• quant_DA
it defines quantization interval computed by means the same relation
used in quant_AD case defined in MATLAB script.

• DAC
It defines gain’s value implemented in DAC block.

• cut_f_DA
It defines low-pass filter’s cut-off frequency implemented inside DAC
block.
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Once real interfaces have been modelled, tests must be done to understand
whether system’s behavior changes or not with respect to that found during
System Design phase. So, MIL and SIL testing must be done to understand
whether implemented model and Control Logic’s C code work properly in
presence of modelled real interfaces.

6.1 Rapid-Control-Prototyping MIL testing
This test allows to verify system model’s behavior in presence of modelled
real interface. To understand whether implemented model during System
design phase behaves properly or not, obtained results must be compared to
those obtained during System design MIL testing: if they result equal to each
other, for sure, implemented system’s model behaves properly and designer
can go away with design based on V-shaped model. So, also in this case to
perform MIL testing the four different way to test motor must be considered
in order to obtain results that have to be compared to those obtained during
System Design V-shaped model phase.

6.1.1 RCP Single working point MIL testing

To perform this kind of test, like System design single working point MIL
testing case, procedure described in subsection 4.2.4 related to Single working
point test must be adopted to set properly MTM Simulink model and to
load needed variables into MATLAB workspace. At the end of simulation,
four .mat files in selected path are created that contain interesting parameter
values that can be used to evaluate desired test motor’s electrical and
mechanical characteristics related to considered working point. To obtain
these test motor’s characteristics the same single _working_point.m file used
in System Design MIL testing case has to be used where some variable values
must be defined before to run MATLAB script. Parameters to be defined are
the same to those described in subsection 5.1.1 and once MATLAB script is
run results shown in figure 6.7 are obtained. Obviously, since these results
must be compared to those obtained in System Design single working point
MIL testing case, the same working point of ω − T plane is considered: 20
Nm value is considered to pilot electric motor under test and 366.52 rad/s
value is considered to pilot bench motor.
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Figure 6.7: Single working point results in RCP MIL testing

Results shown in above figure are perfectly the same to those shown in
figure 5.4 so, system’s model works properly in presence of modelled real
interfaces.
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6.1.2 RCP Nominal power working point MIL testing

To perform this test, like System design nominal power working point MIL
testing case, procedure described in subsection 4.2.4 related to Nominal
power working point test must be adopted to set properly MTM Simulink
model and to load needed variables in MATLAB workspace. At the end of
simulation, like all other cases, in selected path four .mat files are created
that contain interesting parameter values that can be used to obtain de-
sired test motor mechanical and electrical characteristics related to working
points considered during testing. To obtain these characteristics the same
nominal_power_working_point.m file described in subsection 5.1.2 has to
be used where some variables must be defined before to run the MATLAB
script. Of course, parameters to be defined are the same to those described
in subsection 5.1.2 and once MATLAB script is run, results shown in figure
6.8 are obtained.

Figure 6.8: Nominal power working point results in RCP MIL testing

Comparing these results to those obtained in System Design Nominal
Power Working Point MIL testing case (figure 5.6) it is possible to observe
that they are equal to each other so for sure also in this case system’s model
works properly in presence of modelled real interfaces.
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6.1.3 RCP Torque curves MIL testing

To perform this test, like System design torque curves case, procedure
described in subsection 4.2.4 related to Torque curves test must be adopted to
set properly MTM Simulink model and to load needed variables in MATLAB
workspace. In this case, like previous ones, at the end of simulation the same
four .mat files are created in selected path that can be used to evaluate
desired test motor torque curves. To obtain these, the same Torque_curves.m
file can be adopted where parameters described in subsection 5.1.3 must be
defined before to run MATLAB script and once this is done results shown in
figure 6.9 are obtained
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Figure 6.9: Torque curves results in RCP MIL testing

Comparing these results to those obtained in System Design Torque
Curves MIL testing case it is possible to conclude that also in this case
designed system’s model works properly in presence of modelled real interface.

6.1.4 RCP 3D maps MIL testing

To perform this test, like System design 3D maps MIL testing case, procedure
described in subsection 4.2.4 related to 3D maps test must be adopted to set
properly MTM Simulink model and to load all needed variables into MATLAB
workspace. Also in this case, like all other cases, at the end of simulation in
selected path four .mat files are generated that contain interesting parameter
values that can be used to obtain desired test motor 3D efficiency and
dissipated power maps and electric and mechanical characteristics related to
all working points considered during test. To do this, at the end of simulation
the same maps.m file described in subsection 5.1.4 can be used where some
parameters must be defined before to run MATLAB script. Running that
script results shown in following figures are obtained.
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Figure 6.10: Efficiency map result in RCP MIL testing

Figure 6.11: Dissipated power 3D map result in RCP MIL testing
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Figure 6.12: Test motor characteristics results in RCP MIL testing

Comparing these results to those obtained in System Design 3D maps MIL
testing case it is possible to understand that designed system model works
properly in presence of modelled real interfaces since results are perfectly
equal to each other.
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6.2 Rapid-Control-Prototyping SIL testing
After being designed, the system model is tested in presence of modelled
real interface and verified that its behavior does not change with respect to
the case where real interface are not modelled (model considered in System
Design V-shaped model phase), corresponding Control Logic C code has
to be obtained and to its behavior in presence of modelled real interfaces
must be tested. Here, as explained in chapter 5 both plant’s model and
Control Logic’s code are run in development machine. Also in this case to
obtain Control Logic’s C code, Software-in-the-loop must be selected from
simulation mode drop-down menu that can be find in block parameters
window of corresponding reference model, as shown in figure 6.13. Once this
is done, all possible tests can be considered to perform simulation and obtain
corresponding results to be compared to those obtained in MIL testing case
and understand whether obtained C code works properly or not: if results are
equal to each other, for sure, obtained Control Logic’s C code works properly,
otherwise there is something that does not work as desired and designer
has to go back to find errors to be solved. Actually, if C code generation
procedure ends in successfully manner the C code will work properly. Status
of C code generation procedure can be observed by means diagnostic viewer.

Figure 6.13: Control Logic reference model setting in RCP SIL simulation

To avoid being repetitive only a single kind of test is reported: 3D maps
test which represents the hardest test due to the very huge quantity of
working points that is considered. To perform this test, besides to do what
before described the same procedure explained in subsection 4.2.4 related to
3D maps test has must be followed in order to set properly MTM Simulink
model and to load needed variables in MATLAB workspace. Once simulation
is performed in selected path always the same four files are created that
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contain interesting parameter values that can be used to obtain results shown
in following figures that can be compared to those obtain in RCP 3D maps
MIL testing case for understanding whether obtained Control Logic’s C code
works properly or not such that designer can decide whether it is possible to
go away with design or not. Performing this test results shown in figure 6.14
are obtained.

Figure 6.14: Efficiency 3D map result in RCP SIL testing

Figure 6.15: Dissipated power 3D map result in RCP SIL testing
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Figure 6.16: Test motor characteristics results in RCP SIL testing

Comparing these results to those obtained in RCP 3D maps MIL testing
it is possible to observe that nothing changes so for sure also in this case
obtained Control Logic’s code works properly and designer can proceed with
design.
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